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PREFACE

The Engineering Design Handbook Series of the Army Materiel Command
is a coordinated series of handbooks containing basic information and funda-
mental data useful in the design and development of Army materiel and sys-
tems. The handbooks are authoritative reference books of practical information
and quantitative facts helpful in the design and development of Army materiel
so that it will meet the tactical and the techuical needs of the Armed Forces.

This handbook is one of the Automotive Series of the Engineering Design
Handbook Series. The Automotive Series eovers the broad field of automotive
equipment, with particular emphasis on the physical, operational, and eclimatic
requirements imposed by the military environment, Combat and tactical
land vehicles of all types-—wheeled, tracked, and others—are included in this
series.

The purpose of these handbooks is to provide assistance to designers of mili-
tary automotive equipment and technieal guidanee to military and civilian per-
sonnel who are responsible for preparing specifications for this equipment, or
who are responsible for ensuring their fulfillment.

The suspension system, one of the major functional elements of the automo-
tive assembly, is the subject of this handbook. Tts treatment is divided into three
major eategories, namely, Part One, Fundamental Discussions, Part Two, Land
Locomotion, and Part Three, Suspension Systems, Components, and Design
Data. The material presented is a compilation of data and design information
gathered from many sources. Because of the vast seope of this subject, its
treatment has been limited to one of condensation and summary. Proofs and
mathematical deviations are omitted, for the most part. Only final results,
qualifying information, and interpretation useful to the design process are
given. For a more complete treatment of any topie, the reader is urged to con-
sult references listed at the end of each chapter.

‘When reference is made in this handbook to military specifications, regula-
tions, or other official directives, it is done so to inform the reader of the existence
of these documents. In this respect, the user is cautioned to make certain that he
uses editions which are current at the time of use.

This handbook was prepared by the Military Systems Group, Machine Design
Section, Mechanical Engineering Research Division* of the IIT Research In-
stitute, assisted by the Soil Mechanics Section of the Solid Mechanics Division,
for the Engineering Handbook Office of Duke University, prime contractor to

the Army Research Office-Durham,
The authors wish to acknowledge the excellent cooperation

rendered by the U. S. Army Tank-Automotive Command and the
Development and Proof Services of Aberdeen Proving Ground (nowof
* Rudolph J. Zastera, Project Leader and Technical Editor.
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the Test and Evaluation Command) in providing reports, data, and other in-
formation beneficial to the preparation of this handbook.

Elements of the U. S. Army Materiel Command having need for handbooks
may submit requisitions or official requests directly to the Publications and
Reproduction Agency, Letterkenny Army Depot, Chambersburg, Pennsylvania
17201. Contractors should submit such requisitions or requests to their con-
tracting officers.

Comments and suggestions on this handbook are welcome and should be
addressed to Army Research Office-Durham, Box CM, Duke Station, Durham,
North Carolina 27706.
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PART ONE
FUNDAMENTAL DISCUSSIONS

CHAPTER 1

INTRODUCTION*

SECTION I GENERAL DISCUSSION

Military tactical doetrine has always stressed
the importance of mobility—particularly off-the-
road-mobility, soft ground mobility, snow mobility,
and high-speed-over-rough-terrain mobility. Ohvi-
ously, if we can operate effectively over terrain that
our enemy cannot negotiate-—or move with greater
speed, or maneuver faster over the same terrain—
we will have a decided advantage over him., We can
evade his attacks at will by rapid dispersion or by
making use of terrain that is denied him; we can
.execute lightning counterattacks from unexpected
directions before he has time to regroup; and we
can exploit our successes with rapid follow-up
tactics

Early armies moved and fought primarily on
foot. Most terrain could be negotiated satisfactorily
by the foot soldier although his load-carrying capa-
bilities, endurance, and speed were quite limited.
The use of animals improved his load-carrying
capabilities and endurance but had little effect
upon his overall rate of march. Flashing cavalry
charges were made possible, however, by the short
distance speed capabilities of horses. With the
advent of motorized vehicles, mechanized transport
replaced animal transport—first only in logistic
operations but later in reconnaissance and combat
operations as well.

When first introduced, military vehicles were
merely adaptations of the then current commercial
vehicles. Demands hy the using public for im-
proved riding comfort and greater speed led to

® Written by Rudolph J. Zastera of the IIT Research
Institute, Chiecago, Illinois.

the improvement of roads and to increased vehicle
performance, but vehicle performance was eval-
uated in the relatively ideal environment of the
highway. As the development of roads and ve-
hicles progressed simultaneously, vehicle perfor-
mance became increasingly dependent upon good
roads; and the suitability of commercial vehicles
for military operations decreased. In unfavorable
terrain, military vehicles became roadbound, mak-
ing them vulnerable to enemy interdiction and in-
creasing the total time spent by a march column
on the road.

The nuclear battlefield imposes even greater re-
quirements for increased mobility, particularly a
high degree of cross-country mobility and high off-
road speed. The tactical concepts envisioned by
military planners calls for an extreme dispersion
of troops. Task force groups, comprised of widely
scattered units to minimize the possibilities of
nuclear counterattack, will be required to mass
rapidly on a given target for a concerted strike
and separate as rapidly as possible to their dis-
persed positions. Thus, if the area a unit is re-
quired to hold is materially inereased due to the
dispersion necessary, the requirements for logistic
support and communication will also increase.
These increased requirements can only be met
by vehicles capable of much higher speeds and a
high degree of off-road mobility.

The fullfillment of these demands for vastly
improved mobility depends upon the vehicles’ sus-
pension systems, Engines and power trains de-
velop the required propulsive efforts; frames,
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bodies, and hulls provide the required support and
housing for components, cargoes, and crews; but
the suspension systems must act as the feet and
legs of the vehicles.

As feet and legs, the suspension system has a
comparable function and importance to the vehicle
as has its natural counterpart to a living animal.
In general, it is required to support the weight of
the loaded vehicle body above the ground, act to
distribute the weight selectively, develop tractive
effort with the ground for locomotion, make con-
tinuous space adjustments between the moving

vehicle bodies and ground irregularities, act to
control any deflection of the vehicles from their
selected courses, provide a means for changing the
courses of the moving vehicles, and protect the
vehicles and their contents from excessive shocks
due to ground irregularities. Thus, it is evident
that the suspension system is the chief operator in
determining the mobility of a vehicle and any im-
provements or increases of a vehicle’s mobility
must come as a result of improvements to the sus-
pension system,

SECTION II PURPOSE AND FUNCTION

1.1 IMPROVE MOBILITY

A popular, but erroneous, opinion regarding the
functional objective, or purpose, of the suspension
system—one that is generally shared by casual or
lay observers—presumes it to be to cushion the
vehicle body and its contents from uncomfortable
shocks as the vehicle traverses irregular terrain.
Although this is one of the means by which the
suspension system achieves its functional objec-
tive, it is not in itself that objective. A studied
consideration of the question will reveal that one
of the chief reasons for wanting to cushion the
vehicle body and its contents from terrain induced
shocks is to permit increased vehicle speed (Refs.
1 and 2). A vehicle with an absolutely rigid sus-
pension system can traverse a rough terrain with
relative comfort if the speed is very low and is
kept below -some maximum. As the speed is in-
creased above this maximum, the vertical and
angular accelerations of the vehicle become intoler-
able to the structure, the eargo, and to the occu-
pants, causing the speed to be reduced to an ac-
ceptable comfort level. The introduction of an
elastic support system between the vehicle body
and the ground cushions the vehicle against the
detrimental effects of the ground irregularities
and permits a speed increase to & new maximum.

Purthermore, as the rigidly suspended vehicle
travels over rough ground, it experiences large, er-
ratic vertical accelerations. Each such vertical ac-
celeration produces a different loading upon the
supporting terrain resulting in variations in the

1.2

traction developed by the ground-contacting ele-
ments of the vehiele. Not only is traction necessary
for developing speed, but it is essential to lateral
stability, steering control, and braking. Note, how-
ever, that these factors—speed, traction, lateral
stability, steering control and braking—are the
essential elements of vehicle mobility. One can
conclude, therefore, that the primary purpose, or
functional objective, of the suspension system is to
improve the overall mobility of the vehicle.

Several corollary functions of the suspension
system exist, some of which are unique to military
vehicles, These are discussed briefly in the para-
graphs that follow.

1.2 SUPPORT VEHICLE BODY OR HULL

A somewhat obvious function of the suspension
system is that of supporting the vehicle body or
hull at some selected height above the ground. This
feature of having some space beneath the vehicle
body has both desirable and undesirable aspects,
though usually not at the same time. It is desirable
in that it permits the vehicle to straddle certain ob-
structions in its path; such as boulders, logs, deep
ruts, and holes that otherwise might be obstacles.
It permits the vehicle to negotiate deep mud, snow,
and soft sand without becoming bellied, and to
ford shallow bodies of water without the risk of
water damage to the power plant or cargo. Further-
more, it permits the incorporation of an elastic
support system between the vehicle body and the




ground to attennate the effects of ground irregu-
larities,

Among the undesirable aspects of raising the
vehicle body off the ground are such factors as:
inereased overall vehiele height; increase in height
of veliiele center of gravity; introduetion of prob-
lems of lateral strength and stiffness; inecreased
overturning effects of equipment operating on
vehicle, weapon recoil, and blasts; and increased
vehicle weight and cost. Increasing overall ve-
hicle height makes it more vulnerable to enemy
observation aud fire, and increases the cargo space
required to trausport the vehicle. Inercasing the
height of the vehicle’s center of gravity makes the
vehiele less stable, particularly on side slopes and
wlien cornering.

The operation of vehicle-mounted equipment
that has an over-turning effect on the vehicle—
such as cranes, power shovels, draglines, or the
firing of weapons—is luhibited by an increase in
vehicle height due to the increased moment arm of
the overturning couple.

The added weight resulting from an increase in
overall height requires increased power for com-
parable vehiele performance and affects the gronnd
pressure of the vehicle which, in turn, has a direct
bearing npon vehicle mobility. The effect of in-
creased weight upon fuel consiunption and npen
the suitability of the vehicle for airborne operations
is obvious. Thus, even though a velicle designer
may desire the advantages that become available
when the vehicle body is raised above the ground,
they do require a price in the form of design com-
promise,

1-3 PROVIDE LATERAL STABILITY

Since the majority of wvehieles, both wheeled
and tracked, have a suspension system that holds
the vehicle body above the ground by means of an
elastic support system, problems arise in keeping the
vehicle reasonably level. When rounding a curve,
the centrifugal force acting on the vehicle together
with the corucring force developed by the ground-
contacting clements (tires, tracks, feet, ete.) act
as a couple which tends to overturn the vehicle
outward about the outer wheels (or track). This
causes the center of gravity of the vehicle body
to shift toward the outside of the curve, increasing

AMCP 706-356

the vertical load upon the elastic support system
on that side of the vehicle and deecreasing the
vertical loads ou the support system on the inside
of the curve by a like amount. Siuce the deflection
of an elastic systemn is proportional to the forces
acting upon it, this unbalance of vertical forces
betweenr the two sides of the vehicle will tend
to tip the vehicle body toward the ontside of the
curve.

A shmilar lateral shifting of the ceuter of
gravity of the vehicle body takes place when operat-
ing on a side slope, when operating crane-type
equipment off the side of the vehicle, or when firing
heavy weapons broadside from the vehicle. Under
the severe conditions imposed by the military
enviromment in which the military vehicles must
operate, this lateral instability is not merely an
nnpleasant inconvenience. Struectural failure of
suspension components will result from the large
lateral forees that are encountered if sufficient
lateral rigidity and strength are not designed into
the system. Furthermore, a very real danger ex-
ists of the vehiele overturning uuder the conditions
mentioved.

In order to minimize, prevent, or counteract
the effects of this lateral unbalance of forces, vari-
ous meals are incorporated into the design of sus-
pension systems. These take the form of stabilizing
linkages; variable-rate spring systems; pnreumatic,
hydraulie, and lhydropneumatic eompensating de-
viees; semi-active and active suspension systems;
and suspension lockouts. These, and others, are
discussed in this handbook.

1-4 PROVIDE LONGITUDINAL STABILITY

The foregoing discussion of the funetion of the
suspension system to provide for lateral stability
of the vehicle also applies to the provision of longi-
tudinal stability. Instability of the vehicle body or
hull in the longitudinal direction is caused by such
factors as operations on longitudinal slopes, vehicle
acceleration and braking, crane-type equipment
operating over front or rear of vehicle, bulldozing
operations, towing, firing of heavy weapons, ete.
Under these conditions, the forces acting npon the
vehicle body or hull result in a conple tending to
rotate the body abont its lateral axis. Although the
dauger of the vehicle aetually overturning about
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its axis is not as great as in the previous case, due
to the greater dimension along the longitudinal axis,
it is not impossible and has happened under severe
conditions. Liongitudinal instability is minimized
by the same methods mentioned in the previous
paragraph for reducing lateral instability.

1-5 PROVIDE SELECTIVE DISTRIBUTION

OF WEIGHT ON GROUND

Obviously, the weight of the vehicle must be
transferred to the ground if the ground is to sup-
port the vehicle. The way in which this weight
15 distributed over the ground, however, has an
importaut bearing upon such factors as sinkage,
rolling resistance, drawbar pull, and ride char-
acteristics of the vehicle. A uniform weight distri-
bution is not necessarily the most desirable, as one
might assume; hence, it is a function of the sus-
pension system to distribute the vehicle weight in
accordance with a predetermined design plan.

Furthermore, as the vehicle traverses irregular
terrain, it is subjected to large, erratic vertical ac-
celerations, particularly at high speeds. These ac-
celerations produce radical variations of terrain
loading beneath the ground-contacting elements
of the vehicle, the magnitude of which is the prod-
uct of the acceleration at any instant and the mass
of a particular portion of the vehicle. This leads
to a loss of traction due to insufficient ground pres-
sure when the terrain loading is decreased, and due
to soil failure when the terrain loading becomes
excessive. Soil failure may also inerease the rolling
resistance at the same time that tractive effort is
decreased. Thus, the overall mobility of the ve-
hicle suffers fromn excessive variations iu terrain
loading.

The suspension system is designed to isolate
the mass of the vehicle body from the vertical ae-
celerations experienced by the ground-contacting
elements and the so-called ‘‘unsprung mass.”” The
degree to which this is accomplished determines
the amount by which the fluctnations of the ground
loading 1s reduced.

1-6 ADJUST FOR TERRAIN
IRREGULARITIES

Since one of the functions of a good suspension
system is to permit the unspring mass to follow
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closely the irregular contour of the ground with
minimum disturbance to the vehicle body, it follows
that it must have the capability of varying its
vertical height to adjust for terrain irregularities.
The response of this systemn must be as rapid as
possible to prevent the development of vertical
acceleration forces that would disturb the equi-
librium of the vehicle body and affect the load be-
ing exerted on the ground. Furthermore, the
vertical adjustment capabilities must be as large
as ig practical within the limiting physical dimen-
sions of the vehiele cnvelope as dictated by the
utility intended for that vehicle.

1-7 PROVIDE CREW AND PASSENGER
COMFORT

The provision for crew and passenger comfort
is another corollary funection of the suspension
system. Sinee it is not possible to completely iso-
late the e¢rew and passenger compartments from
the vertical accelerations experienced by the un-
sprung mass, the elastic suspension system at-
tenuates the accecleration forces it trausmits. Crew
and passenger comfort depend not only upon the
amplitude of the wibrations but also upon the
frequency. Certain frequencies bring on discom-
fort and nausea (motion sickness) even though
the amplitude of the vibrations are acceptable.
Therefore, the suspension system is also required
to alter the vibrations to acceptable frequency
levels.

Noise, too, produces discomfort, fatigue, ner-
vousttess, and even illuess. Tracked vehicles are par-
ticularly notorious for the amount of noise they
generate as the snccessive track blocks strike the
ground. The suspension system plays an important
part in limiting the transmission of this noise to
the vehicle hull.

1-8 PROTECT VEHICLE COMPONENTS
AND CARGO FROM SHOCK AND
VIBRATION DAMAGE

Ground-indnced shocks and vibrations affect
every component of the vehicle as well as its cargo,
passengers, and crew and are probably the most
troublesome problem area in the entire fleld of ve-
hicle design. Not only must the suspension com-
ponents be strong aud sufficiently rugged to with-




stand the pounding to which they are subjected,
but they must be capable of attennating the shocks
to a level that is acceptable to the rest of the ve-
hicle, its cargo, and its occupants. This permits the
vehicle body to be designed of a lighter construc-
tion; isolating shock sensitive components, equip-
ment, or cargo becomes much less of a problem;
the reliability of vehicle compounents; and the erew
and passengers can enjoy greater comfort. These
improved features permit increased vehicle speed,
resulting in improved mobility—tle ultimate aim
of the military vehicle desiguer.

1-9 PROVIDE TRACTION CONTACT WITH
GROUND

A further tunction of the snspension system is
to provide the necessary traction contact with the
ground The tractive effort of a smooth wheel or
track is limited by the coefficient of frietion be-
tween the surfaces in contact. The addition of ag-
gressive treads to wheels, or gronsers to tracks,
will increase the grip of these eleinents upon the
gromnd and permit the development of more trac-
tion. When operating in soft sand, snow, or mud,
wood traction coutact is cxtremely important.
Under these conditions, specially designed ground-
contacting elements are often uecessary in order
to develop the required propulsive effort, or trac-
tion. A similar situation exists in the case of
amphibious vehicles swimming in deep water and
using their normal wheels or tracks for water
propulsion. In these cases, the traetive elements
act somewhat like paddles to propel the vehicle
through the water.

1-10 TRANSMIT DRIVING AND BRAKING
TORQUES

Although the suspension system is primarily
the impact and vibration absorbing mechanism of
the vehicle, its design is influenced to a greater ex-
tent by the vehicle’s power transmission require-
ments. The reactions to driving and braking
torques must be transmitted through the suspension
systew sinee tlis is the only connection between
the vehicle and the ground. Thus, the elastic ele-
ments of the suspension system must be made suffi-
ciently rigid to resist these torques, or other means
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must be introduced to accomplish this end. These
are usually in the form of torque tubes, torque
arms, or Inechanical linkage systems.

1-11 PROVIDE OBSTACLE-CROSSING
CAPABILITIES

The ability to cross obstacles is a requirement
especially important to military vehieles. Ob-
stacles may be m the form of vertieal obstruction
such as boulders, logs, embankments, or low walls;
or iu the form of ground depressions such as holes,
ruts, ditches, or trenches. In crossing obstacles
of this type, there is a tendency to lose traection
due to several factors. When climbing a vertical ob-
stacle, there is a redistribution of forces acting on
the ground brought about by the tilting of the
vehicle. This causes a reduction of the normal
force being applied by the wheels or track clements
to the obstacle itself and an inerease of the normal
foree being applied by the other wheels or track
clements. The former condition will obviously re-
sult in legs traction because of the reduced normal
force. The latter condition may perinit an increased
tractive effort if the soil conditions are favorable,
or it may result in a reduetion or loss of traction if
the soil fails due to the increased load upon it.
In the latter case, the vehicle will only succeed
in digging its tracks or wheels into the ground
nntil the vehiele becomes totally immobilized.

When bridging a depression or diteh, a similar
situation oceurs. In this case, the wheels or track
portions that become suspended over the diteh lose
all traetion because they are not even making con-
tact. The remaining ground-contacting elements
experience an increased load which, again, may
cither improve their traction or degrade it, as in
the previous case. 1f the inereased load causes the
supporting soil to fail, the vehicle will again
become immobilized.

A well designed suspeusion system will adjust
for terrain wregularities and maintain an optimum
load distribution on the ground to minimize over-
loading the soil.
grousers on tracks, help maintain traction under
diffienlt load conditions. Thus, it becomes readily
apparent that the suspension system plays a prom-
inent role in the ability of a vehicle to negotiate
ohstacles.

Aggressive tread on tires, or
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1-12 PROVIDE MEANS FOR CHANGING
COURSE

Although dircetional econtrol of a vehicle is
done by means of the steering system, the actual
maneuvering of the masses is accomplished by
foreces exerted through the suspeusion system to
the ground. Lateral forces are introduced when
the vehicle changes course, particularly at high
speeds, which introduces problems of lateral sta-
bility. A properly designed suspension system will
maintain lateral stability under all operating con-
ditions and will permit the vehicle to change
vourse 4t reasonably high speeds. A loss of lateral
stability on a curve will force a vehicle to slow
down, therefore reducing its mobility.

Various facilities are incorporated into the
suspeusion to provide a means of changing course.
Tn wheeled vehicles, directional changes are usually
accomplished by pivoting the front wheels on their
supports and pointing the planes i1 which they are
rotating in the direction the vehicle is required to
travel. Rear steered vehicles accomplish the di-
rection change by directing the planes of the rear
wheels in a direction opposite to that desired for
the vehicle, Both front and rear steer arc sometimes
used in vehicles having an extremely long wheel-
base. Camber steering is accomplished by tilting
the front wheels. Wheeled vehicles cau also be
stecred by varying the rclative spceds of the
wheels on each side of the vehicle.

Directioual control of tracked vehicles is usually
effected by varying the relative speeds of the two
tracks. Mechanieally bowing the tracks in the di-

reetion of steer has also been used but is not a
popular method because only large radius tuims are
possible and the method introdnces many compli-
cations aud problems.

1-13 PROVIDE STABLE GUN PLATFORM

The wounting of weapous, particularly heavy
weapous, npon a vehicle chassis places additional
requirements upon the suspension system. Aside
from the obvious requirements imposed by the
heavy recoil of the weapon, there is a problem of
maintaining a stable weapon platform under all
conditious ot elevation and traverse of the weapon
Provisiolls are sontetimes made to lock-out the ae-
tion of the suspeusion system when the weapon is
fired. This not only assurés a stable gun plat-
form while firing, but it protects the elastic com-
ponents of the suspension system from the recoil
shocks and adds the unsprung mass to the spruug
mass to aid in maintaining a firm firing position
ou the ground.

In general, the accuracy of fire from vehicle-
mounted weapous delivered while the vehicle is
in motion leaves much to be desired—particularly
if the vehicle is moving over rough terrain. Vari-
ous weapon stabilizing systems have been intro-
duced from time to time with limited effect. In
theory, the ideal suspeusion system would main-
tain a stable gun position despite the vehiele speed
or terrain irregularities. In praetice, the theoret-
ical ideal is not always attainable, but any degree
of success i attaining that goal is an improve-
ment.

SECTION III BASIC DISCUSSIONS

1-14 SUSPENSIONS, GENERAL

The suspension system of a vehicle 1s defined as
that complex of mechauical, struetural, pneumatic,
hydraulic, and elcctrical compounents that provides
or is associated with the provision of flexible sup-
port between the ground and frame, or ground and
hull, of the vehicle. This includes, in addition to
the elastic or resilient compouents, the load carry-
ing members, traction members, and such mem-
bers as are required to control the gcometrical
relationship of the elastically constrained parts.
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Although some of the components transmit power
or provide reaction torque, the suspension system
is not considered part of the power train; how-
ever, its design is greatly influenced by the ve-
hicle’s power transmission and steering require-
ments. Dissimilar methods of locomotion and
types of ground contact, resulting from the wide
range of military rvequirements, produce major
design variatious in suspension components. For
this reason, it is necessary to expand the general
definition of a suspension system to cover every




type of vehicle—wheeled, tracked, and unconven-
tional.

1-15 SUSPENSIONS, WHEELED VEHICLES

Typical suspension systems for wheeled ve-
hicles are illustrated in Figures 9-2, 9-3, 9-5 and
9-8. The main components that comprise these sys-
tems are: (a) springs, (b) shock absorbers, (¢)
axle assemblies, (d) bogie assemblies, (e) wheels,
(f) tires, (g) torque arms and tubes, (h) control
arms, (i) stabilizers (antiroll bars), and (j) bump
stops. Detailed discussions of these compoenents are
given in Chapter 9. For the purpose of this intro-
ductory definition, the basic functions of these com-
ponents are given as follows:

(a) Springs. Provide the elastic support for the
vehicle body.

(b} Shock absorbers. Regulate the dynamic char-
acteristics of the sprung and unsprung mass
by introducing damping into the system.

(¢} Axle assemblies. Provide cross support for
the vehicle body and a spindle upon which the
wheels revolve and through which the vehicle
weight is transferred to the wheels. Some axle
assemblies have the additional funetion of
transmitting propulsive power to the wheels,
some have a role in the steering of the vehicle,
and some do both, ie., transmit power and
provide for the steering.

(d) Bogie assemblies. Distribute the vertical
forces equally to tandemn axles, maintain uni-
form ground pressure under the tandem wheels
of the assembly despite ground irregularities,
and reduce vertical displacements and shock to
the vehicle body through the geometrical ar-
rangement of the components.

(e) Wheels. Minimize the resistance of the vehicle
to translatory motion in the desired direction
while providing vertical support for the ve-
hicle body and lateral stability. Some wheels
have secondary functions of trausmitting driv-
ing and braking torques, and providing steer-
ing actions.

(f) Tires. Provide traction contact with the
ground for propulsion, braking, and steering.
Some tires have an additional function of
reducing road shocks, vibrations, and noise
transmitted to the suspension system.
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(g) Torque arms and tubes. Provide reaction
torque to counter the driving torque of the
power train and transmit the driving thrust
to the vehicle frame or body.

(h) Control arms. Maintain the desired geo-
metric relationship between the various elas-
tically constrained suspension components.

(i) Stabilizers. Reduce the amount of angular
movement of the vehicle body in the vertical
plane.

(j) Bump stops. Limit the maximum vertical ex-
cursion of the elastically supported mass, both
upwards and downwards, from its normal
free-standing position.

Not all of the foregoing major components are
necessarily found in every wheeled vehicle sus-
pension system. Furthermore, the properties of
some components may be modified or expanded to
provide some function normally provided by an-
other component. Nevertheless, the components
listed, when present in a vehicle, comprise the
vehicle’s suspension system.

1-16 SUSPENSIONS, TRACKED VEHICLES

Suspension systems for tracked vehicles are
basically quite similar to those found in wheeled
vehicles, although this similarity may not be ob-
vious to a casual observer. The main difference is
the presence of the track assemblies which are
absent in the wheeled vehicle suspension. If one
considers the track assembly merely as a portable
roadway upon which the vehicle rolls, the similarity
to a wheeled vehicle will become more apparent
(Figures 10-1, 10-2, 10-3 and 10-4). It is not
surprising, therefore, to find the suspension system
comprised of similar components. The major items
are: springs, shock absorbers, road wheels, tires,
road wheel arms, bogie assemblies, track assemblies,
sprockets, support rollers, bump stops, and idler
wheel assemblies. These are discussed in detail in
Chapter 10. The basic functions of the components
common to both wheeled and tracked vehicles are
given in the previous section. The functions of
those components more or less unique to tracked
vehicles are :

(a) Road wheel arms. Support the road wheel
spindles, upon which the road wheels rotate,
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and transmit the vertical loads experienced by
the road wheels to the torsion bars or other
spring systems.

(b) Track assemblies. Distribute the vehicle
weight over a larger ground area to reduce the
ground pressure and improve traction.

(e) Sprockets. Function as part of the power
train since their main funetion is to drive the
track to propel the vehicle. They are always
considered with the suspension elements, how-
ever, because their design is heavily depend-
ent upon the design of the track.

(d) Support rollers. Support and guide the re-
turn run of the track assembly.

(e) Idler wheel assemblies. Return the driven
track to the driviug sprocket. Compensating
idlers compensate for changes in the circum-
ferential length of track euvelope, resulting
from the envelope econstantly changing its
shape as it follows the contour of irregular
terrain.

There is a type of suspension system that is
used in a particular class of track-laying equip-
ment that is quite different from that found in con-
temporary combat and tactical vehicles. It is
found in such equipment as heavy duty crawler
cranes and shovels, agricultural and industrial-
type crawler tractors, and bulldozers. Basically,
this system consists of a series of gsmall idler
wheels, mounted to a longitudinal beam beneath
the vehicle to provide a supporting base. The
track, passing under the rollers and around the
beam longitudinally, can make relatively small
adjustments to the contour of the ground due to
a very limited deflection capability of the spring
system.

The above type of suspension system is quite
adequate and practical for the equipment to which
it is applied. Heavy duty erawler cranes and power
shovels require only a large, slow-moving base
or platform, and they operate on almost level
ground with very little contour variation. Width
and length of base (for purposes of stability) and
low ground pressure are the chief considerations in
the design of suspensions for this equipment. In
the design of agricultural and industrial type
tractors, adhesion, traction, and low ground pres-
sure are the main considerations—since the pur-
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pose of the vehicle is to provide maximum draw-
bar pull. Vehicle speed requirements are relatively
low and the terrain requirements are not particu-
larly severe. Requirements placed upon bulldozers
used in construction operations approach the se-
verity encountered in combat and tactical opera-
tions but, even here, the requirements of speed,
extremes of terrain and weather, and power and
weight considerations are not as severe.

Since the design problems associated with this
type of suspension system are far less complex
than those encountered in the design of suspension
systems for high performance combat and tactical
vehicles, the design of the beam-type of tracked
sugpension system is not treated in this handbook.

1-17 SUSPENSIONS, SLED-TYPE VEHICLES

Suspension systems for sled-type vehicles con-
sist funetionally of the same geueral components
as make up other suspension systems; namely,
ground-contacting elements to distribute the ve-
hicle weight selectively over the ground, support-
ing elements to hold the vehicle body at some de-
sired distance above the ground, a system of
adjustable links to allow the ground-contacting
elements to follow the irregular contour of the
ground with minimal disturbance to the vehicle
body, and provisions to control the course of the
vehicle. Omne difference between a sled-type ve-
hicle and a wheeled or tracked vehicle is that the
runners cannot be used to propel the vehicle by
developing tractive effort with the ground, as is
the case with wheels or tracks. Sled-type vehicles
are usually towed by a prime mover or are pro-
pelled by an auxiliary track, traction wheel, air
propeller, or thrust motor. The runners are, there-
fore, designed for minimum friction with the
ground and minimum resistance to forward mo-
tion. In this respect, the sled-type vehicle even
differs from an unpowered trailer becausé the
wheels of a trailer are required to develop suffi-
cient traction to overcome their rolling resistance
to preclude sliding over the ground.

Since sled-type vehicles are primarily designed
to operate on snow, ice, and marshy ground, the
development of sufficient propulsion is more of a
problem than when operating on firm soil. For this
reason, sled-type vehicles generally operate at




relatively slow speeds, making the suspension re-
quirements much less severe. Cousequently, the
elastic elements (springs and shock absorbers) are
often omitted. Heavy duty cargo sleds and sleds
designed for high speeds, however, do include
these elements. The ‘methods of calculating the
dynamic requirements of the suspension system
are much the same as for conventional systems dis-
cussed in Chapter 8. The design of skis, sleighs,
and toboggans is covered in Chapter 6, Section III.

1-18 SUSPENSIONS, UNCONVENTIONAL
VEHICLES

The category of unconventional vehicles em-
braces many types designed to meet special appli-
cations or to operate in unusual environments.
Their suspension systems fall into four general
categories; namely, unusual wheel types, unusual
track types, walking and leaping types, and screw
types. QGround-effect vehicles, which float a few
inches above the ground on a cushion of air, are
not discussed in this book. The main objective of
these unusual suspensions is to increase vehicle
mobility by enabling the ground-contacting ele-
ments to develop greater tractive effort and less
resistance to motion than is possible with con-
ventional components. The prineciples governing
terrain-vehicle relationships are in the domain of
land locomotion mechauics; therefore, more de-
tailed discussions of the unusual suspension types
are given in Chapter 6.

1-19 COMMON SUSPENSION
TERMINOLOGY

1-19.1 SPRUNG MASS AND UNSPRUNG MASS

The portion of a vehicle that is supported by
the primary elastic elements (springs, torsion
bars, ete.) of a suspension system is referred to as
the sprung mass. The portion of the vehicle that
is not so supported constitutes the unsprung mass.
Thus, the sprung mass is generally comprised of
such items as the vehicle body or hull, frame,
power plant, transmission, transfer assembly, fuel,
coolants, lubricants, armament, ammunition, fire
control equipment, cargo, crew, passengers, and
all other components that are attached to these ele-
ments. The unsprung mass is usually comprised
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of the suspension components plus certain portions
of the power train. Proportionate parts of the
springs, shock absorbers, swinging linkages, and
other components attached to the frame are in-
cluded in both the sprung mass and in the un-
sprung mass. In a tracked vehicle, that portion
of the track which is not in contact with the ground
is considered part of the sprung mass, and the
portion that is in contact with the ground is part
of the unsprung mass.

When considering the mobility of a vehicle, it
is generally conceded to be more advantageous to
have a smnall unsprnng mass. The lighter unsprung
mass is capable of faster response to terrain ir-
regularities, resulting in more uniform contact
with the terrain and providing improved traction
and steering characteristics. With the more uni-
form terrain contact comes a decreased variation
in the loading of the supporting soil, resulting in
improved floatation and less rolling resistance.
Stresses induced into the suspension system by
impaecting rough terrain at high speeds are also
reduced with a lighter unsprung mass. This is
particularly important to the life of such com-
ponents as the wheels and tires, track components,
and road-wheels.

The magnitude of the unsprung mass has an
inverse effect upon the frequency of wheel danee,
a condition discussed in a later section. Wheel
dance tends to induce secondary disturbances into
the main portion of the vehicle—especially if the
terrain irregularities recur at the natural fre-
quency of the wheel dance. A decreased unsprung
mass increases the frequency of the wheel dance
vibration. This increased frequency may be de-
sirable if it is inereased above the frequency of the
ground disturbalices in the operating speed range
of the vehicle. The greatest objection, then, to the
higher frequenecy is an increase in harshness of the
secondary disturbances of that frequency which
may be induced into the main portion of the ve-
hicle.

1-19.2 SHOCK VERSUS VIBRATION

The term vibration is used in this book to de-
scribe an oscillation in a mechanical system. A
mechanical oscillation is a continuing variation of
the position of a mechanical element about a given
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reference position—alternating from one side of
the reference to the other. The complete displace-
ment history of a periodically oscillating element—
from any starting point, through all of the sue-
cessive positions on both sides of the reference axis,
and back to the starting point—is a cycle. A
period is the time required to complete one eycle.
The reciprocal of the period, or the number of
cycles occurring during a unit of time, is the
frequency and is usually expressed as cycles per
second. The displacement in one direction from the
reference axis is the amplitude. These basic terms
are shown graphically in Figure 1-1. A wibration
is defined by stating the frequency (or frequencies
in a complex vibration) and the amplitude.
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(B) COMPLEX PERIODIC MOTION
Figure 1-1. Elements of Periodic Motion

Vibrations fall into two basic categories, name-
ly, periodic vibrations (also called deterministic)
and random vibrations. The foregoing definitions
apply specifically to periodic vibrations. By defi-
nition, a periodic vibration is a motion that re-
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peats itself in all of its particulars after a certaiu
interval of time (Refs. 3-6). Since the instan-
taneous amplitude z of the displacement varies
with time ¢ it can be plotted to show the dis-
placement-time history graphically (Figure 1-1).
Furthermore, the displacement-time history ecan
also be expressed mathematically if z, the instan-
taneous amplitude, is expressed as a function of
time ¢:

x = f() (1-1)

The simplest kind of periodic motion is the
stnusotdal or simple harmomic motion. It exists
when the relationship between = and ¢ satisfies the
equation

T =z, sin ot (1-2)

where x, represents the maximum value of the
displacement (amplitude). The factor & expressed
in radians per second, is known as the circular
frequency and comes from the classic representa-
tion of vibratory motions by means of rotating
vectors (Refs. 7-10). A complete cycle of the vi-
bration takes place when «? has passed through
360°, or 2= radians. Thus, when ot = 2=, the time
interval ¢ is equal to the period T, or

2%

'

T:K-sec (1-3)

Since the frequency f is the reciprocal of the
period T:

@
f= o cycles per second (1-4)

The first and second derivatives of the displace-
ment equation, (Eq. 1-2), with respect to time
give the equations for the velocity and accelera-
tion, respectively. Thus

Velocity :% == zcoswt (1-5)
Z (maz) = Lo (1-6)
. d?x . .
Acceleration = —5F = T = — Tow?sin ot
(1-7)
Z (maz) = To0* (1-8)

Complex periodic vibrations include all periodic
oscillations that are not sinusoidal (Figure 1-1(B)).

—




Mathematical theory has shown (Refs. 11, 12) that
any periodic curve f(¢), having a frequency o,
can be considered a summation of sinusoidal curves
of frequencies v, 20, 3u, 4o, ete., provided that
f(t) repeats itself after each time interval
T = 2z/w. The summation of sinnsoidal curves re-
sults in the classic series of sine terms known as a
Fourier series, and the methods for solving Fourier
series are well known. Thus, the amplitudes and
phase relationships of the various sine eurves that
comprise the complex vibration can be determined
analytically when the term f(¢) is known. Many
references are available that give detailed dis-
cussions of the procedures involved. Some of these
are listed in the references at the end of this
ehapter.

Random vibrations, the second general eategory,
do mnot lend themselves to rigid mathematical
analysis as do periodic vibrations. Random vibra-
tions are oscillations whose instantaneous magni-
tude can be specified only in terms of the prob-
ability that the amplitnde will be within a4 given
range of values during a given time interval., Thus,
instead of applying exact mathematics to obtain
definite answers, statistical analysis and the mathe-
maties of probability are applied. These pro-
cedures are well established and ample literature
is available diseussing them (Refs. 13-17).

Shock is a somewhat loosely defined aspect of
vibration, wherein the excitation is nonperiodic;
i.e.,, in the form of a pulse, a step, or a transient
vibration. Furthermore, the word ‘‘shock’ im-
plies a degree of suddeunness and severity. A
mechanical shock is characterized by significant
changes in stress, position, acceleration, velocity,
or displacement occurring in a relatively short
period of time. The time factor is considered
short when the duration of the excitation is less
than the longest natural resonant period (the
fundamental natural period) of the member or
equipment nnder consideration. Some definitions
(Ref. 18) lunit the duration of the excitation to
““less than one half of the fundamental natural
period.”” The shock will, therefore, exeite the
member 50 that it will vibrate at its natural fre-
queney.

In general, the determination of the damage
potential of a shock, and the technique of design-
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ing struetures to resist shock, involves approximate
calculations of the responses of structures to shocks.
Responses of stress and strain are significaut from
the strength-of-materials point of view; relative
displacement responses are signifieant from clear-
ance eonsiderations ; and accelerations, veloeity, and
relative displaeement respouse are signifieant in
evaluating the damage potentials of different shock
motions.

A meaningful deseription of shock requires
more than a statement of its magnitude. The dura-
tion, and a time related history of the rise and de-
cay of the acceleration, velocity, displaecement, or
forces the shock (the waveform) must be either
expressly stated or taeitly implied. Without these,
an expression of the maximum magnitude of a
shock is meaningless. Shoeks are generally classi-
fied as welocity, simple tmpulse, and complex
shocks.

Velocity shock (Refs. 19, 20) is a simplified
concept that considers the shoek as a sudden veloe-
ity change (Figure 1-2(A)). It is assumed to be
an impulse of such an infinitesimally short duration
that the aceeleration magnitudes and waveforms
are immaterial. The application of this concept
represents a large elass of shoek motions for which
this approximation is sufficiently accurate for en-
gineering purposes. Shoeks that involve the drop-
ping of equipment onto hard, rigid surfaces, or im-
paets of relatively light objects with heavy, rigid
bodies, can be eonsidered as velocity shocks. Mathe-
matical procedures for evaluating this type of shoek
loading are given in Refs. 19-23,

Simplc impulse shock (also ealled pulse-fype
shock) is a shock during whieh the waveform, or
time history of the aeceleration, velocity, displace-
nient, or force, canuot be neglected but can be
approximated by a waveform of simple shape—
one that is easy to generate and traetable to use.
Figure 1-2(B) shows a shock type known as an
acceleration step in whieh the acceleration is as-
sumed to rise simultaneously to a constant value.
The resulting velocity and displacement-time his-
tories are shown. Figure 1-2((C) shows a shock
during which the aeceleration time-history is a half-
sine pulse. It is the type of acceleration experi-
enced by a rigid mass when it is dropped upon a
linear spring of negligible mass. The half-sine
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pulse is very popular in shock analysis, not because
it is the proper simulation of many situations, but
because it is eagy to generate and can be easily
expressed mathematically. Figure 1-2(D) illus-
trates the acceleration, velocity, and displacement-
time histories of a decaying sinusoidal shock. Here
the impulse is assumed to have imitated a sinusoidal
vibration at the resonant or matural frequency in
the presence of a damping factor. The damping
causes the vibration to decay at some constant rate.
The mathematical procedures applicable to design
problems involving impulse-type shock are given in
many standard texts on vibrations (Refs. 24.26).

Most shock motions encountered in practical
equipment, particularly large military equipment
and structures, are extremely complex (Figure
1-2(E)). They react back upon the excitations and
make them complex, even though the excitations
might have been simple without this reaction. These
motions are commonly known as complex shocks.
They cannot be expressed in simple mathematical
or graphical form and are, therefore, expressed in
terms of their shock spectra.

A shock spectrum is defined as the maximum
responses of a series of simple systems (Figure
1-3) to the shock motion, and is expressed as a
function of the natural frequencies of the simple
systems. Unless stated otherwise, the simple sys-
tems are considered to be undamped. The responses
are taken as relative displacements of the simple
mass elements with respect to the base. Velocity
and acceleration spectra are defined as the dis-
placement responses multiplied by 2xf and 2(=f)?%,
Le, ® and ®? respectively. Complex shocks are
treated in Refs. 27-30. Shock spectra do not define
what the shock motions are but rather describe
what the shock motions do—in effect, they describe
their damage potentials. The spectra are used to
compare the intensities of different shocks and
to determine whether the output of a shock ma-
chine is equivalent to a desired range of field con-
ditions.

Figure 1-3(B) shows the shock spectrum of
the hypothetical series of single-degree-of-freedom
systems shown in Figure 1-3(A). The ordinate used
(equivalent static acceleration in ¢’s) can be de-
termined from the following relationships:
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Figure 1-3. Shock Spectrum Representation

LMV =] kx?

n:_az_F_z_V\/IZ_V_ o
9 Mg g\ M g
where
F = force exerted on M, 1b
M = mass, 1b-sec?/in.
V = velocity change of the mass, in./sec
n = multiplier used to express a specific accel-
eration in terms of g, dimensionless
a = acceleration, in./sec?
g = acceleration due to gravity, in./sec?
k = spring rate, lb/in. (see next paragraph)
r. = maximum spring deflection, in.
® = circular frequency ( = 2=f), rad/sec

(1-9)

(1-10)

1-19.3 NATURAL FREQUENCY

The natural frequency of a spring-mass system
is the frequency at which the system will vibrate
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Figure 1-4. Simple Spring-Mass System

due to internal forces imherent in the system and
without the benefit of fluctuating external forces
of any kind. As an example, consider the simple
spring-mass system shown in Figure 1-4, consist-
ing of a mass of weight W, suspended by means of
a spring whose spring rate is % (the force neces-
sary to stretch or compress the spring one unit of
length). Initially, the mass is in equilibrium un-
der the action of two equal and opposite forces;
namely, the weight W, acting downward and the
spring force k8§ acting upward. This is the neutral
position (also called equilibrium position or cen-
tral position) from which displacements of the mass
are usually measured. The factor 3 is the spring
deflection under static conditions produced by the
weight W.

Suppose, now, that the mass is forced down-
ward some additional distance x and then suddenly
released. At the instant of release, the spring force
will be larger than the weight by an amount kz,
causing the mass to start moving upward. While
the mass is below the neutral position, the upward
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spring force is greater than the weight, and the
mass will accelerate upward; although, the ac-
celeration will progressively decrease as the neu-
tral position is approached. When the mass arrives
at the neutral position, the forces will again bhe
balanced and the acceleration will be zero, but the
mass will be moving upward with maximum ve-
locity and will, therefore, continue to move up-
ward. As it moves farther from the neutral posi-
tion, however, the spring force will progressively
decrease, leaving a progressively larger downward
force to decelerate the mass. When the velocity
finally becomes zero, the mass will have reached the
upper extreme position. At this time, the down-
ward forece will be at its maximum causing the
mass to start downward. The downward velocity
will inerease until the neutral position is again
reached ; whereupon, the velocity will decrease and
become zero when the mass reaches the lower ex-
treme position. Since this is the same position from
whence it had started, the same upward force im-
balance will exist; and the mass will continue to
oscillate about the neutral position. The maximum
excursion of the vibrating mass, measured from
the neutral position, is the amplifude of the vi-
bration.

The motion just deseribed is known as a free
vibration, because it is self-propagating; i.e., once
started, it is perpetuated by the interaction of
forces inherent to the system and is not dependent
upon periodic external forces. The frequency of
this free vibration is the natural frequency of the
system. The natural frequency of a system is inde-
pendent of the amplitude, increases as the square
root of the spring rate %k, and decreases as the
square root of the mass. Or, to express this rela-
tionship mathematically :

fn= L \}T

2% M

Theoretically, the simple system just deseribed
should continue to oscillate indefinitely, once the
oscillation is started. In all practical systems, how-
ever, there exists a certain amount of friction that
always acts in opposition to the motion and causes
the amplitude to decrease slightly with each ex-
cursion until the mass finally comes to rest at the
neutral position. This friction force, which is often

(1-11)




very complex, is called damping. The amount of
damping present in practical systems of the type
just deseribed is so slight that it is usually neg-
leeted, and the system is considered to be un-
damped.

If the mass of Figure 1-4 were made to oscillate
up and down by the application of a periodically
fluctuating force applied to the spring support,
there would occur an initial period of transient
vibration during which the vibration characteristies
would be very irregular. The damping properties
of the system, however, would soon smooth out the
irregularities, and a steady-state vibration would
remain whose amplitude and frequency would be
different from those of free vibration. This new
steady-state condition is called forced wvibration.
The frequency of the forced vibration will be the
same as the frequency of the fluctuating force;
the amplitude, however, will depend on the magni-
tude of the fluctuating force and on the ratio of its
frequency to the natural frequency of the system.
When this frequency ratio becomes equal to unity,
a condition known as resonance occurs. During
resonance, amplitudes build up rapidly to danger-
ous values; hence, the purpose of many vibration
calculations is the prevention of resonance.

1-19.4 DAMPING

Damping is defined as the process of cffecting
a continuing decrease in the amplitude of an os-
cillating component and is generally aceomplished
through some type of friction that dissipates the
energy of the system with time or distance. The
preceding section describes how an oscillation, once
started, tends to be self-propagating. The initial
force kx, acting through the initial displacement z,
represents the anount of energy kz® that was in-
troduced into the system and is supporting the os-
cillation. This energy must be dissipated, usunally
in the form of heat, before the system will stop
oscillating.

Several methods are used for dissipating energy
and, hence, damping a vibrating mechanical sys-
tem. Among the more common are: solid friction
or hysteresis damping, environmental damping,
viseous damping, coulomb damping, inertia damp-
ing, and electromechanical damping.

Solid friction, internal friction, or hysteresis
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damping occurs in all mechanical vibrating sys-
tems that have restoring forces derived from elas-
tic elements such as springs although it is not
always large enough to be a deciding factor in
limiting amplitude. It seems to arise from slight
relative displacements between adjacent crystals or
minute elements of the spring material and is often
referred to as tnternal friction. 1t is manifested in
a peculiarity of all stress-strain diagrams when
they are cycled indefinitely between two limits.
The stress has a slightly higher value for a given
strain when the load is increasing than when it is
deereasing—even though the stress is kept well
within the elastic limit of the wmaterial (Figure
1-5). The area inside the hysteresis loop indicates
the amount of energy that is dissipated (converted
into heat) during one cycle by a unit volume of the
material. Tt is independent of the frequency and
dependent only upon the nature of the material and
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Figure 1-5. Typical Hysteresis Loop

the range of stress, as shown in Figure 1-5. It is
usually expressed as a function of half of the stress
range, which is often ealled the stress amplitude.

For mild steel, hysteresis damping is approxi-
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mately proportioned to the 2.3 power of the stress
amplitude when the stress amplitude is below 8,000
psi (Ref. 31). For higher values of stress ampli-
tude, hysteresis damping increases much more
rapidly with increasing amplitude. Hard steel
has less hysteresis damping, in the same stress
range, than mild steel; and cast iron has more
damping than mild steel. Tt is difficult to estimate
the amount of hysteresis, or solid friction, that
will be present in a system being designed unless
experiniental data are available.
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Figure 1-6. Spring-Muass System and Hysteresis Loop

The action of hysteresis, or solid frietion, is il-
lustrated in Figure 1-6. Part (A) shows a simple
spring mass system set up to oscillate in a hori-
zontal direction. If the spring in the system were
alternately extended and compressed between the
two extreme positions and a trace were made plot-
ting the spring force ¥ against the displacement z,
a characteristic hysteresis loop such as shown in
Figure 1-6(B) would result. The restoring force
kx, 1s the straight line which bisects the hysteresis
loop. It is evident that at any deflection z, the
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spring force differs from the restoring force kz,
by an amount R which is the resisting force of in-
ternal friction. When the masss moves to the right
(* > 0), the spring force will be kz 4 E; but when
the mass moves to the left (# < 0), the spring
force will be kx — R. This shows that there will
always be a resisting force B opposing the motion
in addition to the restoring force.

Environmental damping is the term sometimes
applied to the dissipation of energy from a sys-
tem vibrating in air or a fluid. As the mass vi-
brates it displaces the surrounding air or fluid
against the opposition of the fluid friction. In the
majority of engineering applications, the force de-
veloped by environmental damping is approxi-
mately proportional to the square of velocity of the
fluid. The exact value of the velocity exponent de-
pends upon the shape of the vibrating body and
upon the ratio of the frictional drag to the wave-
making drag.

Viscous damping, also called velocity damping,
1s an energy-absorbing technique in which the
damping force resisting the motion is a linear func-
tion of the velocity. In practice it is found where
there is relative motion between two well-lubri-
cated surfaces and where a viscous fluid is forced
through a relatively long passage of small cross
sectional area. From the standpoint of theoretical
analysis, this is the easiest type of damping to
deal with because the mathematics involved is
quite simple (Refs. 32-34). Two variations of
viscous damping are degenerate viscous damping
and kydranlic damping. Degenerate viscous damp-
ing is characterized by a damping force that is
proportional to a fractional power of the velocity,
and hydraulic damping is characterized by a damp-
ing force that is proportional to the square of the
velocity. Or to put it another way, if v is the ve-
locity and ¢1, cg, and ¢3 are proportionality con-
stants, the damping force ¥ will be

F = ¢, V for viscous damping

F = ¢, V™ (where m < 1) for degenerate vis-

cous damping

P = ¢3 V2 for hydraulic damping. (Ref. 44)

Coulomb damping, also called dry friction
damping, is the type of energy dissipation that
comes from the rubbing of dry surfaces with each
other. The damping force is assumed to be inde-




pendent of the velocity and acceleration of the
oscillating mass, to be a function only of the ma-
terials involved and of the normal force acting on
them. Friction damping is not considered suitable
for the principal damping requireinents of an auto-
motive vehicle because the energy dissipated with
each oscillation is directly proportional to the
amplitude, whereas the vibratory energy is pro-
portional to the square of the amplitude. If a fric-
tion damping force suitable for energy dissipation
of a medium amplitude vibration were used, it
would be inadequate for large amplitude vibrations
and exeessive for small amplitudes.

Inertiu damping is a type for which the damp-
ing foree is directly proportional to the accelera-
tion of the vibrating mass. Tts amplitude deecay
characteristies are similar to those obtained with
viscous damping, i.e., they result in a logarithmic
curve which makes inertia damping suitable for
large amplitude vibrations. At very low ampli-
tudes, inertia damping needs to be supplemented
by suitable coulomb (friction) damping.

In comparison with viscous damping, inertia
damping is considered more responsive. The damp-
ing force of inertia damping is mot only propor-
tional to the accelerating foree, but it acts in direct
opposition to it. The damping force with viscous
damping lags behind the accelerating force since
it is proportional to the veloecity which results
from the acceleration.

Elcctromechanical and electromagnetic damping
are methods of energy dissipation which make use
of the interaction between elcetrical or electro-
magnetic phenomena and physical compouents of
the vibrating system. Damping forces that are as-
sociated with magnetic hysteresis and eddy cur-
rents are examples of this type of damping.

The subject of damping is discussed further in
Chapter 10, Section VIIT-—particularly as it is ap-
plied to vehicle suspension systems.

1-19.5 WHEEL DANCE

‘Wheel dance is a term that is applied to a
vertical vibration of the unsprung mass that oc-
curs at the natural frequency of the spring-mass
system and is the principal source of secondary
vibrations. The wheels of a wheeled vehicle and
the road wheels of a tracked vehicle atre cushioned
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against the impacts of the terrain, or of the
track shoes, by suitable rubber tires. Each wheel
is, therefore, suspended between two elastic ele-
ments that have parallel action ; namely, the rubber
tire and the vehicle spring. The combined spring
rate of a system of this type is equal to the sum
of the individual spring rates; or, if kr and kg
represent the spring rates of the tire and spring,
respectively, the combined spring rate, k., will be
(k7 + ks) ; and the natural frequency of the sys-
tem in eps (neglecting damping) will be:

1 k1 /‘kﬂ-k_s
2w \NM T 22N M
where M is the unsprung mass. Siuce %y, the spring
rate of the tire, is usually much greater than kg,
it is the elastic factor to which wheel dance is
generally attributed.

Decreasing the unsprung mass increases the
frequency of the wheel dance vibration. This may
be desirable if it raises the frequency above the
frequeney of the terrain impacts, or track shoe
impacts, that are being experienced at the operating
speeds of the vehicle, The secondary disturbance
transmitted to the sprung mass, however, will be
more harsh with the higher frequency. If this is
objectionable, a compromise must be established.

fn:’

(1-12)

1-19.6 PRIMARY VERSUS SECONDARY
VIBRATIORS

The principal primary vibrations pertaining
to automotive suspension systems are tliose that
result directly from the movement of the vehicle
over irregular terrain. As the ground-contacting
elements (wheels, tracks, ete.) of the unsprung
mass follow the irregular contour of the terrain
surface, they experience large and erratic vertical
accelerations. The fluctnating force that results
from these accelerations excites the total spring-
mass systemn. The resilient elements (springs and
shock absorbers) that support the sprung mass of
the vehicle on the running gear (unsprung mass)
function to cushion the sprung mass from the
shocks and vibrations resulting from these vertieal
accelerations. The vibratory motions of the sprung
and unsprung masses caused by the terrain ir-
regularities are the prineipal primary vibrations
of coneern to the automotive designer.
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Additional vibrations that come under the classi-
fication of primary vibrations are others that orig-
inate from sources external to the vehicle. Among
these are shocks and vibrations resulting from ve-
hicle acceleration and braking, ballistic shock, wind
pulsations, firing of vehicle-mounted weapons, and
from fluctuating foreces developed by vehicle-
mounted equipment, such as cranes, shovels, bull-
dozers, ete.

Secondary vibrations, in general, are those that
originate from internal sources and are usually
of a higher frequency than are primary vibrations.
The principal secondary vibration of concern to
the vehicle designer is that developed by wheel
dance, which is discussed in the preceding para-
graph. Similar secondary vibrations may have
their origins in the impacting of sprocket teeth
against track elements when there is a discrepancy
in the pitches of the sprocket and the track, in the
impacting of the track blocks against the ground,
and in the shimmy or wobble of the steerable wheels
of a vehicle about their king pins.

Secondary vibrations are transmitted to the
spring mass by the shock absorbers because these
are usuhlly selected to give the desired degree of
damping at the relatively low frequencies of the
primary vibrations. At tbe higher frequencies of
the secondary vibrations the shock absorbers are
much more effective, resulting in overdamping and
a harsh ride.

1-19.7 DEGREES OF FREEDOM

The term degrees of freedom refers to the num-
ber of ways a mass is capable of moving with re-
spect to a set of coordinate aXes and with respect
to other masses in a system comprised of more than
one mass. Systems such as shown in Figures 1-4
and 1-6, comprised of but one mass and constrained
so as to be capable of motion along only one axis,
are said to have one degree of freedom. If more
than one coordinate is necessary to completely
specify the configuration of a vibrating system,
either because there are several masses or the mass
is capable of more than oune motion, the system
is said to have more than one degree of freedom.
The number of degrees of freedom in a system is
equal to the minimum number of coordinates neces-
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sary to specify the configuration of the vibrating
system at any time.

A rigid body that is restrained to move in two
directions, or to rotate about two axes, has two
degrces of freedom. Several simple systems hav-
ing two degrees of freedom are shown in Figure 1-7.
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Figure 1-7. Examples of Two-Degree-of-Freedom Systems

Figures 1-7(A) to (C) show two masses with vari-
ous combinations of elastic restraint. The total
number of springs in a system has no influence on
the number of degrees of freedom that a system
has. This is wholly dependent upon the freedom
of motion of the masses. Figure 1-7(D) shows a
simple torsional system with two degrees of free-
dom; Figure 1-7(E) shows a rigid body that is
free to translate vertically and to rotate about an
axis perpendicular to the plane of the paper;
Figure 1-7(F) shows a mass that is free to move
both horizontally and vertically.

A rigid body that is perfectly free in space
(except for elastic restraints) has six degrees of
freedom—three in translation and three in rota-
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Figure 1-8. Six Degrees of Freedom

tion, Tt is free to translate longitudinally, later-
ally, and vertically; and in addition, it is free to
rotate about each of these axes, as shown in Figure
1.8. Rotation (angular motion) about these axes
is known as roll, pitch, and yaw, respectively.

A four-wheeled automotive vehicle can be
idealized as shown in Figure 1-8. The spring mass
is considered a rigid structure, and the unsprung
mass is considered as two separate masses—one
representing the front axle assembly, including the
two front wheels, tires, brakes, and associated
linkages, and the other representing the rear axle
assembly, wheels, tires, ete. The suspension springs
are represented by simple linear springs, the shock
absorbers by dashpots, and the tires by linear
springs of equivalent spring rate. Tire damping
is neglected in this illustration. All of the masses,
sprung and unsprung, can experience translational
motions along the z-, y-, and z-axes and rotational

motions &, B, and y about these axes. Therefore, 18
coordinates are required to deseribe the motion
of this system completely; or in other words, the
system has 18 degrees of freedom.

Systems of many degrees of freedom are much
more complicated to deal with analytically than
systems of one degree of freedom because such sys-
tems have more than one natural frequency. How-
ever, it is often only the lowest natural frequency
that has practical importance, and an approximate
solution can usually be found for this by apply-
ing Rayleigh’s method (Refs. 35-39).

Another procedure is to take advantage of
justifiable simplifying assumptions to reduce the
complex system to one that is more easily handled.
For example, consider the four-wheeled vehicle
idealized in Figure 1-9. It is common in practice
to apply the following restrictions to the motions
of the masses:
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Figure 1-9. Simplified Dynamic Model of an Automotive
Vehicle

(a) Relative motion between the sprung and un-
sprung masses along the z- and z-axes, ie., the
restriction of longitudinal and lateral motions
of the masses with respeet to each other.

(b) Angular motion of the sprung mass in the «
and { eoordinates, i.e., roll and yaw.

(¢) Angular motion of the nunsprung mass in the
B and ¥ coordinates, i.e., yaw and pitech.

This leaves the following motions to be considered
when analyzing the dynamies of a wheeled vehicle
experiencing shocks and vibrations:

(a) Translation of the sprung mass (body) in the
y, or vertical, coordinate with the motion of
the unsprung mass (axles) approximately
zero in the y coordinate. This vertical osecil-
lation is commonly referred to as bounce.

{b) Angular motion of the sprung mass (body)
in the ¥, or pitch, coordinate with the motion
of the unsprung mass (axles) assumed ap-
proximately zero in the ¥ coordinate.

(e¢) Oscillation of the unsprung mass (axles) in
the y, or vertical, coordinate while the sprung
mass (body) is assumed to remain in a hori-
zontal position. This is the oscillation com-
monly referred to as wheel dance -and de-
seribed earlier in this chapter.

(d) Angular motion of the unsprung mass (axles)
in the «, or roll, coordinate while the sprung
mass (body) is assumed to remain in a hori-
zontal position.
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1-19.8 JERK

Jerk is the term applied to the rate of onset of
acceleration and is a significant factor in evalu-
ating human tolerance to acceleration. It is a
vector quantity that specifies the time rate of
change of acceleration; thus, it is the third deriva-
tive of displacement with respect to time.

1-19.9 STABILITY

The term stability as used in discussions of the
dynamies of automotive vehicles is difficult to de-
fine due to its many different applications. Basie-
ally, when used in a mechanical sense, stability
refers to certain properties of mechanisms that
cause them, when disturbed from conditions of
static or dynamic equilibrium, to develop forces or
moments to restore their original equilibrium
condition. Thus, in a vibratory system, damping
is a property associated with stability. After a
disturbance to such a system with excessive damp-
ing present, the system will recover its equilibrium
conditions. slowly. Response will be sluggish, and
the system is said to be overly stable. With in-
sufficient damping, the system will respond guickly
but will overcorrect and continue to osciilate for a
long time. Successive disturbances may even ag-
gravate the situation. Such a system is obviously
unstable. The ideal system is ome that achieves
maximum speed of response with no overcorrec-
tion. This is the condition that exists with eritical
damping.

In the field of vehicle dynamics there are
several factors that tend to create undesirable and
even dangerous conditions in the vehicle. These
conditions of instability can be minimized and
even eliminated through the stabilizing properties
of a properly designed system. Among the factors
to be considered are: the vertical and angular
oscillations of the sprung mass (bounce, pitch, and
roll), the high frequency vertical oscillations of
the unsprung mass (wheel dance), the tipping
tendencies of the vehicle, and various conditions of
directional instability.

The vertical and angular oscillations of the
sprung mass (bounece, pitch, and roll)—if of the
proper frequeney and amplitude—can be not only
annoying to the passengers but also can cause sick-




ness and physical injury, and structural damage
to the vehicle. These effects can be minimized
through the careful selection of suspension char-
acteristics, proper damping, the selective location
of personnel within the vehicle, and the objective
arrangement of vehicle geometry.

Wheel dance, or the high frequency vertical
oscillations of the unsprung mass discussed in
paragraph 1-19.5, results in three types of insta-
bility. It has been mentioned previously that
wheel dance was the principal cause of secondary
vibrations in a vehicle. If not sufficiently damped,
especially if the excitations that cause the wheel
dance recur at the frequency of the wheel dance,
the shocks transmitted to the main part of the
vehicle and its contents will become so severe that
the speed of the vehicle will have to be reduced
to prevent damage to the vehicle or its cargo.
Furthermore, the violent up and down action of the
wheels subjects the supporting soil to impact load-
ing. This may impair its load carrying character-
istics, resulting in increased rolling resistance and
decreased tractive effort. And finally, violent
wheel dance reduces steering control. In the case
of a wheeled vehicle where wheel dance is occur-
ring in the steerable wheels, steering control may
be lost entirely.

Stability against tipping—in both the lateral
and longitudinal directions—is an essential char-
acteristic of all vehicles. Apart from the feeling of
insecurity that an extremely canted vehicle gives
its passengers and the danger of an actual over-
turn, lateral tipping often results in traction and
steering problems produced by the unequal ground
loading on the two sides of the vehicle. This is
particularly true for tracked vehicles. Similarly,
longitudinal tipping results in a reduction or total
loss of steering control—if the tipping causes a
load decrease on the steerable wheels—and in trac-
tion difficulties arising from the redistribution of
ground loading.

Tipping tendencies are produced by various
moments in the vertical plane that act on the ve-
hicle. These tipping moments are functions of the
location of the vehicle center of gravity, the pres-
ence of loads that act outside the wheelbase (as in
the case of mobile cranes, shovels, etc.), accelera-
tion forces, including those resulting from moving

AMCP 706-356

loads or moving equipment mounted on the vehicle
(heavy guns, crane booms, ete.), and the slope of
the ground supporting the vehicle. The stabilizing
factors that act in opposition to the tipping mo-
ments are: the wheelbase dimensions, vehicle’s
moment of inertia, and the elastic properties of the
suspension system. A soft suspension system will
permit greater angular displacement of the sprung
mass, resulting in an aggravated situation. A
stiffer suspension, on the other hand, will afford
greater opposition to the tipping moments, there-
by reducing the angular displacement and improv-
ing the stability of the vehicle.

Directional stability refers to the dynamie
properties of a vehicle to maintain a given course
despite the action of disturbing influences, or to
establish a new state of equilibrium if the distur-
bance remains constant. The chief disturbing in-
fluences are side forces due to crosswinds, lateral
slopes, centrifugal effects of curvilinear motion,
uneven distribution of braking forces, asymmetrical
weight distribution, movements of the steered
wheels due to a variety of causes, and transient
forces resulting from ground irregularities. Sta-
bilizing influences are such factors as the cornering
forces developed by the vehicle, the kinematics of
the steering linkage, the kinematics of the suspen-
sion linkage, the degree of opposition to adverse
steering effects afforded by the suspension system,
and the location of the center of gravity of the
vehicle relative to the action line of the disturbance.
Analytical discussion relating these factors can be
found in many readily available references that
treat the mechanies of vehicles (Refs. 40-43).

The immediate reaction of a directionally stable
vehicle to lateral disturbances may be a minor
yawing from side to side about the mean line of
a new path, but these oscillations will quickly
diminish and the vehicle motion will settle down
to a steady state condition. A directionally un-
stable vehicle, under the influence of a disturbing
force, will move in a new path that will diverge
more and more from the original course; or, if
oscillations oceur, they will increase in amplitude
to dangerous proportions. The driver of a direc-
tionally stable vehicle finds it easy to control and
keep on its intended course, whereas the driver
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of an unstable vehicle finds control difficult if not
impossible,

1-19.10 HANDLING AND RIDE

The terms handling and ride are often asso-
ciated with vehicle stability. Handling refers to
a general overall quality of a vehicle comprised of
a total of subjective impressions of the driver re-
garding the vehicle’s behavior and response to
directional eommands. It is a subjective evalua-
tion of the vehicle’s dynamic stability; and being

subjective, it may vary with different drivers.

Similarly, mdc is a subjective evaluation of
the roll, pitch, and bounce characteristics of a
vehicle as they affect the comfort of the operator
and passengers. It, too, is usually dependent upon
the driver’s opinion. However, since the vibratory
motions that determine ride gualities can he mea-
sured and recorded, they could be evaluated
against human tolerance limits to these motions,
and ride qualities could be evaluated quantita-
tively. This is not the practice, however, and ride
continues to be subjectively evaluated.
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CHAPTER 2

BASIC DESIGN PARAMETERS*

A vehicle designer engaged in designing a new
vehicle has two general types of requirements to
consider: those related to the desired functional
characteristics of the new vehicle and those re-
lated to factors over which he has limited or no
control. The latter includes such factors as size
and weight limitations, physiological aud psycho-
logical econsiderations, environmental considera-
tions, transportability requirements, standardized
performance characteristics, and maintenance and
production considerations. These fundamenta] de-

sign parameters are based upon eivil laws, inter-
national agreements, and various military di-
rectives. A knowledge of these basic design
requirements is important to the suspension de-
sign engineer as well as to the vchicle designer.
A detailed enumeration of these is usually given
in the military characteristics prepared for each
vehicle to be developed. Some of these—particu-
larly those that affect the suspension design engi-
neer—are given in this chapter to serve as design
guides.

SECTION I PHYSICAL LIMITS

2-1 GENERAL DISCUSSION

The primary restrictions placed upon a vehicle
design are those dealing with size, weight, and the
distribution of the weight upon roads and bridges.
Maximum permissible size and weight are usually
specified in the military characteristics prepared
for each developmental vehicle. These limitations
are based upon official agreements and directives,
but the military characteristics often limit the
physical characteristics further than the maxi-
mums specified in general directives. This is par-
ticularly true in the case of special purpose ve-
hicles where the specific nature of the vehicle’s
mission may require additional restrictions. In
the general case, however, the physical limits speci-
fied are governed by considerations of vehicle
transportability.

The policy of the Depastment of Defense with
regard to the transportaﬁility of materiel is given
in AR 705-8, Deportment of Defense Engineering
for Transportability Program (Ref. 2). 1t directs
that transportability should be a major considera-
tion when assigning priorities to the character-
istics to be considered in the design of any new

® Written by Rudolph J. Zastera of the IIT Research
Institute, Chicago, Illinois.

item of materiel or cquipment. All materiel and
equipment developed for use by the military de-
partments must be of such gross weight and out-
side dimensions as will permit ready handling and
movement by available transportation facilities.
In general, these are: length 32 ft, width 8§ ft,
height 8 ft, weight 11,200 1b. Designs that exceed
any of these conditions or which require special or
unique arrangements of schedules, right-of-ways,
clearances, or other operating conditions will be
permitted in exceptional cases only after first ob-
taining approval from the appropriate Trans-
portability Agency. The procedure for requesting
this approval is given in AR 705-8.

The following Departmental agencies have been
designated as ‘‘ Transportability Agencies’’ to im-
plement the Deportment of Defense Enginecring
for Transportability Program, AR 705-8,

(a) Department of the Army: DCSLOG, Director
of Transportation, U.S. Army, Washington,
D. C. 20315.

(b) Department of the Navy: Chief, Bureau of
Supplies and Accounts (H122), Washington,
D. C. 20360.

(c¢) Department of the Air Force: Headquarters,
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Air Force Systems Command (SCMMT),
Washington, D. C.
(d) U. 8. Marine Corps: Commandant, Marine

Corps (COS), Washington, D. C. 20380.

The dimensions and weight of an item may be
adjusted to suit the capabilities of specific modes
of transportation when it is known that the
item will require no other modes of transportation
under peacetime or mobilization conditions. How-
ever, due consideration must he given by designers
to the following:

(a) Military equipment and materiel is often sub-
jected to movement by several modes of trans-
portation. The factors that govern the choice
of mode, or modes, are availability and capa-
bility of facilities, destination time require-
ments, operating conditions, and cost.

(b) Combat and rough terrain equipment is sub-
ject to the normal transportation conditions,
from manufacturer to the off-the-road destina-
tions, that apply to other equipment.

{e) Transportation systems in overseas areas are
generally more restrictive than those found
within the continental United States.

(d) The first step toward rapid mobility of military
forces is the proper design of equipment to
meet the required operational characteristics
while adhering to the fundamentals of trans-
portability.

Size and weight restrictions imposed by the
various modes of transportation available are speci-
fied in the following regulatory documents:

(a) The Highway Weight and Size Limitations,
established by the Federal Aid Highway Act
of 1956 and a majority of the state laws of
continental United States, and the physical
limitations of highways in foreign countries
to accommodate the potential volume and
type of traffic anticipated.

(b) The Outline Diagram of Approved Limited
Clearances of the Association of American
Railroads referred to in Car Service Rule 14,
Section 2 (e), with eight limitations of indi-
vidual carriers, shown in the current issue
of the Railway Line Clearance publication for

2.2

individual railroads of the United States,
Canada, Mexico, and Cuba.

(¢) Diagram of the Berne International Rail In-
terchange Agreement with weight limitations
applicable to the railroads of individual eoun-
tries for all items that may require transpor-
tation by rail in foreign countries.

(d) Loading and stowage limitations of ocean ves-
sels, related factors, and Army and Navy pro-
cedures therefore.

(e} Regulations of the Department of the Treasury
(U.8. Coast Guard), the Army Corps of Xngi-
neers, and the Navy covering water transpor-
tation.

(f) Regulations and instructions of the Army,
Navy, Air Force, Marine Corps, Federal Avia-
tion Agency, and Civil Aeronauties Board for
loading cargo and combat aireraft,

As a matter of convenience to the designer, some
of the more pertinent data has been extracted and is
given in the following paragraphs. More detailed
information is given in Refs. 1, 2, and 69.

2-2 PHYSICAL LIMITS—WHEELED
VEHICLES

Maximum allowable physical dimensions and
weights for pneumatic tired highway and off-the-
road types of vehicles intended for unrestricted
highway operations are summarized in the para-
graphs which follow. Procedures for obtaining per-
mits for oversize, overweight, or other special
movements on public highways are covered in AR
55-162. However, vehicles that exceed any one
or more of the transportability requirements speci-
fied in AR 705-8, and summarized in the preced-
ing section, must be approved by the appropriate
Transportability Agency.

2-2.1 WIDTH

Maximum overall width of a wheeled vehicle
shall not exceed 96 in. No part of the vehicle, fix-
tures, or equipment that is attached or placed
permanently upon the vehicle shall protrude be-
yond the outer face of the tires by more than 9
in. on either side of the vehicle.
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TABLE 2-1
SIZE AND WEIGHT RESTRICTIONS BY STATES
ON TRUCK-TRACTOR-SEMITRAILER COMBINATIONS

| SIZE LIMITS WEIGHT LIMITS
l_ | Leogth (it) l Vebicle and Combination (1000 Ib)
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208|895 B3| d 538 53 wn B |0E s A EHECIEEIEEREEREE IR ER K]
STATE B2 [dal & * g 224|528 E& &2 (dc (&2 (28 (a6 |48 (I3 |33 33 |SX | ET | =28
Als b | 13| 40 | NS | 85 NP} l40+ | ns N3 |18 | Ns| A |36 [6¢ [4g |e6 |73.2)NP | NP |73.2
Alnaks 9 [ 133| 40 | 40 | 65 | 65 0+ 0 | NS |18 A32| SA |20 (48 |47 |61 75 |76.8|76.8|76.8
Ariz. 96 | 133 | 40 [ N8| 65 | 85 I 404+ | NSNS |18 A32| A |3 |B0 43 |62 76 |[76.8(76.8| 768
Atk 96 | 133 | 40 | N6 | 56 | 65 [Ns [40 | NS |NS (18 | 33 | W [30 |4 |4g |62 |73.2]7302|73i2| 7302
Cal. 26 139 | 36 | 40 | 60 65 | N8 | N§ N8 [ 9.5 |18 A32) A (3¢ |50 48 | 62 76 | 76.8 | 76.8 | 76.8
Cdlo. 96 | 134 | 35 { N8| 60 | 60 |2 40+ | Ng|® |18 | Ns| s¥ |20 |46 |4z |60 |76 |76 |76 |Ng
Coon. 102 | 124 | 66 | 40 | 55 | 85 [1or3| N8 | NS | NS [22.4) 36 | 8§ (32 |53.8(s3.8|674|78 |m |NP |73
Dd 96 133 40 | 40 | 55 | 80 | NS 7| 48 700 | N§ |20 A36| SA |30 |46 !4g |68 [73.2]|68 |70 |73.2
D. C. 96 | 12§ | 4 | NS 8 Lol NGNS |2 | Am| A (4 |80 (s |70 )70 |70 INP |70
Fla. 98 133 | 40 40 85 85 | lor3f 40+ | N8 [ N8 |20 NS A |40 60 52 66.6 | 66,6 | 66.6 | NP | 66.6
Ga. 9 | 133 | &8 55 | 55 ' NS |40+ | Ng|10.2)203) Ns| W [40.6161 [s26)73 |73.2073.2]73.2]7s.2
Hawaii 108 | 13| 40 | N8| 65 | e [15 |42 | Ns |12 |24 | Fs2| F |4 [58 |a0” |es |72 |80 |80 | NS
dabio 96 | 14 | 40 | 40 | a0 | 65 |13 |Ns | s00 18 | A32| A |36 |80 |4 {62 |76 |76.8]76.8 (768
il o6 | 133 | 42 | 42 | 56 | 60 |14 |40+ | NS[Ns |18 | 32| Sa |36 |60 |ag [e2 |73.2(7302(73i2| 732
Tod. 96 | 134 | 36 | NS | 85 [ 65 404 | 800[NS [18 | 32 | W (38 [50 [48 |62 |72 |72 |72 |m
Towa 9 | 13} | 35 | N8| 85 | 6 |1y 140 | NSNS s | Am| A |3 w0 sz ez |72.6) 720 720750
Kan. 96 | 134 | 423 | 428 | 85 | 65 S |40+ | NS |@ 18 22 | A [36 |80 |48 |62 {73.2|713.2]|73.2|732
Ky. 96 | 134 | 35 | NS\ 85 | NP |4 42 600 | N§ |18 22 | W |3 |50 |48 |62 |732|NP [KP [732
74 9 | 15 NS | 56 | 60 lorz 404+ | 450 | N6 |18 | 32 | W 36 {41 |4 |5 (73 |7 [NP |NS
Maine 102 | 135| 55 | NS | 85 | 55 [1ord[48 | 600 |NS |22 | 36 { SA [32 |51.8|51.8|66.3|73.2|73.2| NP | 73.2
Md. ® | 1 85 | b5 ) 56 | NS 148 | NSNS 1224/ 40 | 84 144.8 |55 |86 |86 |73.2)73.27s.2) 7.2
Mass, 96 | NS | 35 | N8| 80 | NS |1ors|NS | Ns|N8 [2204( 38 | A |44i8(55 |se.8|70.4(73 |5 (NP |73
Mich. 96 | 133 | 35 [ 40 | 55 | 85 |13 |42+ | 700 |NS |18 | 26 | W |36 |44 |48 62 |73.2(80 |84 |Ns
Miun 96 | 139 | 4 | 40 | 50 | 60 [1ord| 40+ | N5 |9 [18 [ 32 [ A |3 |80 |4z |62 |73 |7.2|NP |7302
Miss o6 | 133 36 | N8| 55 | 55 [lora|40+ | NS |e |18 | as2| A-[36 |50 |48 (62 |73.2|732|NP |73.2
Mao. 96 | 134 | 40 | N8| 55 | o5 | NS |40+ | eoo NS |18 | 32 | A |38 |s0 |48 |ez |[73.2|7s.2|7s.2( 7.2
Moot. 98 | 134 ( 36 | N3 | e0 1oy 40+ | N§|NS [18 | A32( A (36 |50 |48 |62 |76 |76 | NP |76.8
Nebr, 96 | 134) 40 | 40 [ 60 [ 65 |2 |40+ | Ns)o |18 | A32| A |36 |80 |48 |62 [71.1(71.a |71 7101
Nev. 96 | N3 | NS | NS| N8| Ns|NS |Ns | NS {Ns [18 ( A32| A |36 |s0 [48 (62 |76 |76:8( 768|768
N.H. 9 | 13y | 35 | NS | 65 | 85 | NS | NS | 600 | NS |22.4| 36 | SA |33.4 |85 |52.8|66.4|73.266.4 664|732
NI o6 | 133 | 35 | NS | &5 | 55 [2 40 | so0lNS |24 32 ) W )44.8]54.4]56.8 6.4 732732732 3.2
N. M. 9 | 134 | 40 | N5 | 65 | &5 [13 |40+ | o0 |11 |21 | ASe3[ A |43'2 (5609 ] 552 |67i0 | 800c | 8604 | 86.4 | Ba.4
N. Y. 98 | 13 | 356 | N8| 85 | 66 |1org|4e | 800 [11.2/2274| 38| F |44.8|58.4| 568 (70.4 |7 |71 (NP |71
N.C: 98 | 134 35 | NS | 56 | 65 |lord|48+{ o0 |9 |18 | N8| & |30 |475|47.5|64 |70 |70 |NP |70
N.D. 96 134 | 40 NS | &0 60 | 13 40+ | 560 (9 18 32 F 36 50 46 62 64 64 64 64
Obio 96 | 133 35 | 40 [ 56 ) e0o | N8 las+ | eso|NS [10 | 24 | F (38 |51 |60 |as [76 l7s |78 s
Okla. 96 13 40 N§ 55 [ 14 404 850 | NS 18 A32( A 36 50 48 62 73.2173.2(73.2)73.2
QOre. 96 134 35 35 50 65 14 40 550 | 9 18 32 A 36 50 48 82 73.2 | e 76 76
Pa. g | 134 | 35 | 40 | 55 | 85 (1ors{36 | s00|Ns |22.4| 36 | § |3 |4 60 711|711 | NP |71
BRI 102 | 133 | 40 | N8 | 85 | 65 [lord| 40+ | NS N8 |224| 36 | 6§ |36 |44 |53.8|e67.4] 732 NP | NS
s.c 9 | 133 40 | NS | 55 1orsf40 | NS 120 120 [ 38 [ S f32 |46 (60 65 [73.2({73.2]NP |73.2
S. b, B | NS e |60 |1 |4 |8ools [i8 |Am2 | A [36 |60 |48 |62 [732|732|73.2| 32
Tenz, 96 | 13}) 35 ( NS| 50 | 50 [lors|40 | Ng|Ns |18 |32 [ W l3s |50 |48 |62 |73.2|475|NP | 732
cxas 96 | 13y | 40 | 40 | 55 [ e5 | Ng 650 (9 |18 [ 32 | A [3¢ [B50 a8 (62 |72 |72 (72 |72
Utah 96 | 14 | 456 | 45 | 60 [ 60 |NS 404 | N§ |0.56 {18 | A33| A |36 |61 |48 |63 |78 (79.9|79.9 | 70.0
Vt. 96 | 13 | 65 | N | 86 | 85 [1ors{48 | 0o | NS |22.4] 36 | A |448|58.4]56.8)70.4|73.2(73.2| NP |73.2
Va. 96 | 134 35 | N6 | 50 | 50 [lorg 40+ | 650 NS |18° | 32 | A f3¢ [s0 |48 |e |70 |70 |NP |70
Wasb. % | 13 36 | 40 | € | 65 (1j |42 | 80 NS (18 | A2 SA |28 [38 [46 |60 [732(7 |NP |78
W. Vs. | o m| 40 | NS | 65 | 55 |1lora[404+ | NS N8 [18 | As2| &4 (36 |5 (48 le2 l70 [70 |NP.]70
Wis, 98 | 133 | 35 | NS | 56 | 86 |lord(42+ | NS 11 [10.5| a32| A [39 [s51.5|5 [e3s{7 |73 |NP |73
Wyo. | % | 133 40 | NS | e | a5 2 [40+| NS|o (18" | As2) A |36 |30 |48 |62 | 739759 0730
L )
LEGEND

VEHICLE AND COMBINATION weight limits arc based og 48-in, tandem spacing
(except North Carolioa and Ohio—over 48 in.), oversil axle apacing § ft. less than
maximum overali length, and a 12,000-1b froot axle loading on combinations—unless
otherwise limited. Except as noted, trailer includes a semitrailer with converter

dolly.

NOT fN CLUDED are tolerances and special provisiona for overweight or oversise vehi-
cles or loads, farm vebicles, apecific commodities, special types of vehicles or drive-
away-towawsy operatioo. i

TANDEM AXLES spaced lcss than minimum ehown are aubject to single axle weight
limita, A ‘" gign means ‘‘more than.” . )

TIRES inﬂ;l"ed 100 pei of more are considered ‘'high pressure™ and under 100 psi *’low
presaure.”

A—States where vehicles and combination gross weigbts are controlled by a table of
axle spacing up 08 specified maximum. Where tandem axle weighta are sirnilarly
limited, tander limit shown is for 48-in. spacing.

F—States where vehicles sod comhination graes weights are cootrolled by a “'bridge™
formula. Where tandem axle weighta are similarly limited, tandem limit shown is
for 48-in, spacing.

8—~Btates where vehicle and combination gross weighta are controlled by maximum
limita for specific types.

W—States where vehicles and combination gross weights arc controlled by axle weight
lirnits sbown up to, io moat states, a specified mayimum.

NP—Not permitted.

N8—Not specified.

Reprinted by permission from Commercial Car Journal, April 1966, Copyright 1966, Chilton Co.
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2-2.2 HEIGHT

The maximum overall height of wheeled ve-
hicles designed for travel over highways or roads
in the continental United States shall not exceed
150 in. (12 ft 6 in.). The maximum permissible
height for wheeled vehicles designed for overseas
highway operations shall not exceed 132 in. (11 ft
0in.).

2-2.3 LENGTH

The maximum overall length of a wheeled ve-
hicle comprised of a single, nonarticulated unit
shall not exceed 35 ft. The maximum overall length
of a wheeled vehicle comprised of an articulated
double unit, such as a truck-tractor coupled to a
semitrailer or a truck-tractor coupled to a full
trailer, shall not exceed 50 ft. These dimensions
exceed the statutory limitations for unrestricted
highway movement in certain states in the con-
tinental United States. In these states, a special
permit is required. Procedures to be followed in
obtaining these permits are given in Ref. 3. Table
2-1 shows that the size and weight limitations
imposed by the various states on truck-traector-
semitrailer combinations as of August 30, 1959.

2-24 AXLE LOADING

An axle load is defined as the total load trans-
mitted to the road by all wheels whose centers are
included between two parallel transverse vertical
planes 40 in. apart, extending across the full width

of the vehicle, The maximum axle load (subject
to gross weight limitations} is 16,000 1b for axles
located from 324 to 714 ft from the nearest adjacent
axle. This applies to both the continental United
States and overseas areas. For axles located more
than 71, ft from the nearest adjacent axle, the
maximum permissible load is 18,000 1b for vehicles
designed for highway operation in the continental
United States, and 16,000 1b for vehicles designed
for overseas operations.

2-2.5 GROSS WEIGHT

The maximum permissible gross weight of a
wheeled vehicle designed for highway operations
(subject to axle load limitations) shall not exceed
36,000 1b, for vehicles having a distance of 10 ft or
less between the extreme front and rear axles, and
shall inerease by 850 lb for each additional foot
of extreme axle spacing in excess of 10 ft to a
maximum gross weight of 60,000 1b. This maximum
gross weight exceeds the statutory limits of some
states within the continental United States (see
Table 2-1). For operations in these states, a spe-
cial permit is required (see Ref. 3).

2-3 PHYSICAL LIMITS—TRACKED
VEHICLES

2-3.1 GENERAL LIMITS

Limiting dimensions for tracked vehicles in ae-
cordance with their gross weights are given in

TABLE 2-2
LIMITING DIMENSIONS AND WEIGHTS OF TRACKED VEHICLES
FOR MOVEMENT ON HIGHWAYS AND BRIDGES

Width Minimum Ground Contact

Maximum Gross Maximum, Minimum, Maximum Length,* | Total Width,
Weight, 1b in. in. Height, in. in. in.
8,000 96 None 132 32 20
16,000 96 78 132 55 24
24,000 96 80 132 73 27
32,000 96 84 132 87 30
40,000 120 96 132 98 33
48000 120 100 132 107 36
60,000 120 100 132 132 37
80,000 120 112 132 144 45

*The maximum ground-contact length for any vehicle is 180 in.
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Table 2-2. These limits are necessary for un-
restricted operations on highways, in both the con-
tinental United States and in overseas areas, and
are chiefly governed by bridge widths. The values
given for width of ground contact are the total
widths of all ground-contacting elements; e.g., for
a conventional vehicle having two tracks, the width
of ground contact equals twice the width of one
track.

It should be noted that the values given in
Table 2-2 apply to tracked vehicles that are to be
capable of unrestricted movement on highways and
bridges. When vehicles that are being designed
will exceed these specifications, they must be ap-
proved by the appropriate departmental Transport-
ability Agency (paragraph 2-1 and Ref. 3).

2-3.2 HEIGHT AND GROUND CLEARANCE

The mazimum height of 132 in. given in Table
2.2 is based upon clearance requirements en-
countered in operations outside the continental
United States. Because of the requirement to
minimize the vehicle silhouette height in order
to reduce vulnerability to enemy action, this
limit is seldom reached.

The minimum height of a tracked vehicle is
greatly affected by the ground clearance specified
in the military characteristics. A generous ground
clearance reduces the danger of the vehicle belly-
ing in soft ground or when straddling an obstacle,
provides space for the installation of escape
hatches in the belly, and provides clearance for the
high flanges found on the treads of military floating
bridges. The minimum ground clearance of tracked
vehicles has been about 17 inches for a long time.
In recent designs, however, attempts are being
made to increase this as much as possible without
penalizing the overall height unduly. The latest
M60 medium tank has a ground eclearance of 209
inches, and a similar tank with an experimental
suspension system can vary its ground clearance
from 6 to 25 inches at the will of the driver.

2-3.3 GROSS AND DISTRIBUTED WEIGHTS

The maximum permissible gross weight of a
tank is 160,000 1b (80 tons). This limitation is
based upon the capacity of U. 8. highway bridges
of the heaviest classifiecation (Ref. 4), and tanks
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of this weight are not capable of unrestricted move-
ment on highways and bridges.

Minimum ground contact dimensions are given
in Table 2-2. These are of importance as they
affect the distribution of the gross weight. Two
considerations affect the distribution of the gross
weight of a tracked vehicle: one, the average ground
pressure, determined as the quotient of the gross
weight and the total ground-contact area of the
tracks; the other is the load distributed per linear
foot of the length of ground contact. Ground pres-
sures are regulated primarily to control flotation in
cross-country operations and to develop traction,
while loading per foot of track length is regulated
to control the effect of the vehicle’s weight upon
roads and bridges.

Ground pressures of heavy tracked vehicles
are limited to 125 psi. Although pressures of
6 to 8 psi are considered more desirable, they are
difficult to obtain in the design of larger vehicles.

Jertain light, amphibious and special purpose
tracked vehicles that require maximum flotation
obtain ground pressures as low as 214 psi.

The distributed load per linear foot of ground
contact is obtained by dividing the gross vehicle
weight, GVW in pounds, by the length of the
ground contact, 1, in feet, as seen in a side eleva-
tion. The maximum permissible distributed load is
determined from the following (Ref. 4) :

For values of VW less than 60,000 1b:

GVW

= 3000 - 0.06 (GVW — 8000) (2:1)

For values of GWYV greater than 60,000 1b:

GVW _ 20,000 X GVW 2.2)
Ly 160,000 + GVW

2-3.4 VEHICLE LENGTH

The length of the track at the region of ground
contact is governed by the equations of weight
distribution, the ground contaet pressure, and by
certain requirements for efficient steering. Re-
quirements imposed by specified angles of ap-
proach and departure have an influence upon
overall vehicle length. Equations 2-1 and 2-2 for
maximum permissible distributed weight can be
solved for L, to determine the minimum permis-
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Figure 2-1. Correlation of Physical Limits of a Tracked Vehicle {Ref. 4)

sible track length in ground contact. Thus, when
GV W is less than 60,0600 Ib:

12GVW

. ~ -
Le (inehes) = 5000506 (Gv W —8000) =)
when GV is greater than 60,000 1b:
) 12 GVW
Q) — -
L, (inches)= 96 + 56,000 (2-4)

The steering characteristics of a tracked ve-
hicle are affected by the ratio of the track length
in contact with ground L, to the tread L./T, where
T is the width between the track centers. When
this ratio becomes less than unity, ie., L, is less
than 7T, steering becomes relatively unstable. When
this ratio approaches a value of 2, i.e., L; approaches
a value of 27, steering imposes excessive power
demands. Therefore, for satisfactory steering, the
L;/T ratio should be between 1.0 and 1.7. In actual
practice, the values usually used are between 1.125
and 1.69 (Ref. 4).

2-3.5 CORRELATION OF PHYSICAL LIMITS

When dimensional limits are applied simul-
taneously, a relatively narrow field of choice is
available to the designer. This is illustrated in
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Figure 2.1 which shows the track proportions that
may be used lying in a relatively small zone. In
the figure, the ground-contact length of the track
L, is plotted against the track width W, and against
the tread T. A theoretical maximum overall track
width of 144 inches is used as a limit in order to
establish 7 ==0 on the graph. Hyperbolas repre-
senting constant track areas are plotted on the
graph using the equation 4,— L;W; (where A4,
is the ground-contact area) for selected ground-
contact areas of 800, 1600, 2400, 4000, and 6400
sq inches. Based upon a limiting ground pressure
of 12.5 psi, each hyperbola also represents a definite
gross vehicle weight. The highest gross vehicle
weight shown is 80 tons, the maximum permitted
by regulations. Points of minimum track length
are calculated, using Equations 2-3 and 2-4, and
located on the hyperbolas. These points are con-
nected to form a limiting minimum track length
curve. Finally, the limiting steering curves
(Le =T and L, = 2T) are determined and drawn.

The usable track proportions are eonfined to
the hatched area in the graph bounded by the limit-
ing dimension curves. The chief significance of the
usable proportions thus obtained lies in their effect
on hull width. - Decreasing the track width of a




given vehicle gains only a small amount of space
within the vehicle becanse the track width changes
relatively little regardless of length, within the
usable range of proportions.

One of the most critical dimensions on a combat
tank is the turret ring diameter. This must be
large enough to allow space for such major items
as gun recoil, ammunition handling, personnel,
and fire control equipment, yet its size is restricted
by the overall vehicle width limits, the need for
adequate track width, and the need for armor
protection. Here the designer is faced with a
necessity to compromise, but his freedom to com-
promise is somewhat limited.

Turret rings currently being used on production

-

o'~ 8"

10'-0"

)
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vehicles are 85 inches inside diameter. Figure 2-1
shows that for a 50-ton vehicle, the designer can
select a track width of from 15 to 25 inches. For
most efficient steering he would probably restrict
his choice to track width between 22 and 25 inches,
letting considerations of ground-contact length
determine the final choice. On the assumption
that the 22 inches track width satisfied all require-
ments, the inside diameter of the turret ring plus
the width of two tracks account for 129 inches of
vehicle width. Additional width is needed for
armor, track shrouding, width of {urret bearing,
and eclearances. Thus, requirements to reduce
the overall vehicle width present serious problems
to the designer.
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Figure 2-2. Outline Diagram of Approved Limited Clearances of the Association of American Railroads
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2-4 PHYSICAL LIMITS IMPOSED BY RAIL
TRANSPORTABILITY REQUIREMENTS

In order to meet the requirements for trans-
portability by railroad, railway lading clearances
must be considered. Railway lading clearances
are determined by bridges, tunnels, platforms, tele-
phone and electric poles, and miscellaneous way-
side structures. Data on all such clearances have
been compiled and are presented by the railroads
in the form of dimensioned outline diagrams. Rail-
road car loads whose outlines exceed these limiting
outlines must be cleared by the superintendent
of the railway lines prior to their acceptance.
Figure 2-2 shows the outline diagram of the ap-
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proved limited clearances published by the As-
sociation of American Railroads and applies to all
standard gauge unrestricted main lines in the
continental United States. Figure 2-3 shows a
comparable outline diagram that prescribes the
minimum railway clearances required on railroads
in overseas areas. It is the result of an interua-
tional meeting held at Berue, Switzerland and is,
therefore, often referred to as the Berne Interna-
tional Tunnel Diagram.

These diagrams indicate the maximum allow-
able cross section of a vehicle as loaded upon a
railway car for shipping. For a vehicle of larger
section, the maximum allowable cross section is




the size to which the section must be reducible. An
important factor in reducibility is the facility with
which the vehicle can be reassembled in terms of
time, tools, and skills required. It is current prac-
tice to use overhanging tracks on many types of
tracked vehicles. By removing tracks, sprockets
and tool boxes, vehicle widths can be reduced ap-
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proximately 20 inches—or to the width across the
outer faces of the road wheels. Further reduci-
bility requires the disassembly of suspension ele-
ments, and is not considered feasible. A more
comprehensive coverage of this subject is given
in Refs. 1, 2, and 69.

SECTION II HUMAN FACTORS

2.5 GENERAL DISCUSSION

One of the many functions of the suspension
system is to provide a reasonable degree of ride
comfort for the vehicle’s passengers and crew.
The high degree of refinement in ride quality found
in commercial passenger vehieles is not required of
military vehicles, but a knowledge of comfort
criteria is important to the suspension system
designer. When operating cross-country over rough
terrain or on irregular road surfaces, the operator
and crew are subjected to severe jostling, vibrations
and impacts. Aside from physical disecomfort,
they find it difficult to perform their assigned tasks.
The driver has difficulty in controlling the vehicle
due to the mechanical stresses being experienced
by his body, his vision becomes impaired, and
physical discomfort causes him to reduce vehicle
speed to a more acceptable level. Thus, maximum
mobility, the ultimate goal of the military vehiele
designer, Is compromised by the physiological
tolerance levels of the human occupant.

The mechanical stresses to which the human
body is exposed in a vehicle are produced by the
accelerations and vibrations experienced by the
vehicle. Exposure to these stresses might be con-
tinuous over a period of time or might oceur only in
certain situations. Furthermore, it might affect
only certain organs of the body, or it might pro-
duce general impairment and damage to body strue-
tures and processes. A great deal of research has
been done in this field, particularly as it applies to
advanced types of manned aerospace vehicles, and
a great deal of literature exists on this subject
(Refs. 5-16, 70). Unfortunately, the differing
techniques and objectives of the various experi-

menters make their results difficult to compare.

Barly work in acceleration testing lacked so-
phistication and standardization. A high ineci-
dence of physical discomfort and injury was re-
ported at relatively low values of acceleration, but
was actually due to inadequate body support.
Data recorded in experimentation with human (and
animal) subjects are often open to question be-
cause of the instrumentation procedures used.
Accelerometers, for example, are extremely sensi-
tive to their immediate environment, making rigid
mounting and attachment essential to obtaining
aceurate data. In many cases, an instrument will
record the response of its mount rather than the
gross accelerations of the vehicle. In other cases,
resonant vibrations are set up which give er-.
roneous data. Accelerations measured directly
on the human (or animal) body should be highly
suspeet because of the difficulty of achieving rigid
mounting for the sensors.

Considerable experimental data are based upon
animal testing. The animals ordinarily chosen
bear a degree of similarity in body structure to
humans. Chimpanzees, bears, goats, and hogs have
been used. Many factors exist, however, which
preclude the direct application of information
obtained in this manner to the establishment of
human tolerance limits. Since the subjects must
be considered as uncooperative, a true evaluation
of the restraint-support system used is difficult
to obtain. Furthermore, despite the similarities
between animal and human subjects, anatomical
and physiological differences do exist; therefore,
due caution must be exercised in using information
obtained from animal experiments as applicable to
man.
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2-6 ACCELERATION EFFECTS

2-6.1 ACCELERATION TERMINOLOGY

Acceleration is a vector quantity defined as the
time rate of change of velocity and is, therefore,
the first derivative of velocity and the second de-
rivative of displacement with respect to time. In
human factors considerations, it is usually com-
pared to the acceleration produced by the normal
force of gravity (32.2 ft per sec per sec), and is
expressed as an acceleration of so many ¢’s (n g).
Since the foree required to accelerate an object
is the product of the mass and the desired accelera-
tion (F = MA), expressing the acceleration in
terms of g results in a simple comparison of the
force magnitude with respect to the object’s weight
W.

="
g
F= Ma=<£—> (ng) (2-5)
9
F=a2W

Thus, an acceleration of 25 g, for example, re-
quires a force equal to 25 times the weight of
the body being accelerated. Furthermore, and
most important in human faetors considerations,
the response of the human body to accelerations
is determined by the reactive forces developed
within the body as a result of the body’s inertia
and the inertia of its constituents. These reactive
forces are equal in magnitude, but opposite in di-
rection, to the acceleration force. Thus, in the
25 ¢ example just cited, the body will react as
if its weight, and the weight of its ecomponents,
were increased 25 fold.

A certain amount of caution must be exercised
when discussing accelerations, acceleration foreces,
and reactive forees to prevent confusion and mis-
understanding. Many systems have been used to
describe the direction of acceleration vectors.
These differ mainly in the directional references
upon which they are based. Some use vehicular
displacement for reference while others use the
human body as reference. The latter is perhaps
most useful to human factors considerations. It
describes acceleration directions with respect to di-
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rections parallel and perpendicular to the longitud-
inal axis of the body. Since any number of vertical
planes can be passed through the longitudinal axis,
only two are pertinent. One passes through the
shoulders to define the lateral plane, and the other
through the chest and back to define the transverse
plane. Accelerations in the longitudinal plane are
referred to as headward or footward (sometimes
tailward) ; accelerations in the lateral plane are re-
ferred to as right lateral or left lateral; and accel-
erations in the transverse plane are referred to as
forward or backward (also sternumward or spine-
ward). This terminology applies regardless of
body orientations. -

Recently, the need for simplification and as-
surance of positive identification of the physiolog-
ical axis of g loading has lead to the development
and general adoption of a system of vernacular
expressions used by test pilots and design engi-
neers., The system has as its basis the inertial re-
sponse of the ocular bulb (eyeball) to applied
accelerations, and has been recommended for gen-
eral international use by the Acceleration Commit-
tee of the Aerospace Medical Panel, Advisory Group
for Aeronautical Research (Ref. 17). This system
associates a physical sengation with the accelera-
tion directions, thus promoting a better under-
standing of the associated loadings. With this
system, headward and footward accelerations in the
longitudinal plane are eyeballs-down and eyeballs-
up accelerations, right lateral and left lateral ac-
celerations in the lateral plane are eyeballs-left and
eyeballs-right accelerations, and forward and back-
ward accelerations in the transverse plane are
eyeballs-in and eyeballs-out accelerations, respec-
tively.

The foregoing discussion of acceleration direc-

_tions is primarily related to linear acceleration,

ie., an acceleration in which the position of the
longitudinal axis, and thus the whole body, moves
in a straight line, Two other types of acceleration
exist; namely, radigl or centrifugal and angular
acceleration.

Radial or centrifugal acceleration is produced
when a body is rotated about an axis passing
through it perpendicular to its longitudinal axis
so that end-over-end tumbling occurs.

Angular acceleration is experienced during rot-




ary and curvilinear motion when the angular ve-
Jocity about some central point is varying with
respect to time. In human factors studies, this
term is usually applied to rotations of the body
about the longitudinal axis (spinning), or to
circular movements wherein the longitudinal axis
is rotated about some externally located center of
rotation. In the latter circumstance, the accelera-
tion force is directed toward the center of rota-
tion, resulting in physical responses similar to
those experienced during linear accelerations. In
addition, however, certain visual, auditory, and
postural illusions often occur along with physio-
logical disturbances. These are discussed later in
this section.

In most practical systems, particularly those
involving a human riding across rough terrain in a
ground vehicle, two or all three types of accelera-
tion are usually present. One type usually pre-
dominates to such an extent, however, as to per-
mit neglecting the other two. It is convenient,
therefore, to study the response of the body to one
type of acceleration at a time.

2-6.2 LINEAR ACCELERATION

Linear acceleration is usually divided into three
categories according to their duration and the
physiological effect that accelerations of different
duration produce. These categories are

{a) Abrupt. Accelerations of less than 2 see-
onds duration.

Accelerations of from 2 to 10
seeconds duration.

(e) Prolonged. Accelerations of more than 10

seconds duration,

{b) Brief.

Accelerations in the brief category are of only
minor interest to the automotive designer, and
those in the prolonged category hold only an aca-
demic interest. These two categories are, therefore,
treated only briefly in this discussion. In general,
duration and magnitude of an acceleration foree
that can be tolerated are inversely related. The
shorter the duration, the higher the tolerance
level. Table 2-3 shows examples of various com-
mon acceleration situations giving their duration
and magnitude.
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2-6.2.1 Abrupt Accelerations

This type of acceleration is experienced in falls,
automobile or aircraft crashes, parachute openings
and landings, seat ejections for escape from high-
speed aircraft, during bottoming or ‘‘bump-out’’
of an automotive suspension system, and many
other situations. During the brief time period
involved, tissues react by structural damage or
failure; therefore, interest in the body’s response
to these acceleration forces is chiefly centered on
mechanical stress limits. The injuries that occur
most often are bruises, tissue crushiug, bone frac-
ture, rupture of soft tissues and organs, and con-
cussions.

‘When soft tissues are displaced considerahly
by appropriate forces, rupture of membranes or
organ capsules may take place resulting in so-
called internal injuries. Such injuries, in practice,
are usually produced by forcees of longer duration
and are usually dangerous. The rate of onset of
the acceleration is also an important factor in de-
termining human tolerance limits. An acceleration
force applied over an infinitesimally short period
of time will produce a deformation strain, and
corresponding stress, twice as great as would be
produced by a forece of equal magnitude applied
statically.

The limits of human tolerance to abrupt ac-
celerations involve the following factors:

(a) The degree of body support and restraint.

(b) The orientation of the body with respect 1o
the direction of the force.

(¢) The rate of onset and duration of the force.

(d) The magnitude of the force.

The limits of human tolerance to abrupt ac-
celerations are shown in Figures 2-4 through 2-7
(Ref. 8). The limits indicated are based wpon
situatious involving healthy, young subjects that
were expecting the application of the forees in-
volved and were provided with maximum body
support or restraint.

Biologically, the limiting factor in human tel-
erance to headward, or eyeballs-down, acceleration
in the normal seated position is fracture of the
spine in the upper lumbar region just above the
concavity commonly known as the ‘‘small of the
back.”” With optimum body alignment, up to 35 g
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TABLE 2-3
APPROXIMATE DURATION AND MAGNITUDE
OF SOME COMMON ACCELERATIONS (Ref. 10)

| Acceleration
. . . | .
Vehicle Type of Operation Magnitude, | Duration,
| g sec
Elevator | Average in “fast service” 0.1-0.2 1-5
Comfort limit 0.3
Emergency deceleration 2.5
' Comfortable stop 0.25 5-8
Very undersirable 0.45 3-5
Automobiles Maximum obtainable 0.7 3
Crash (potentially survivable) 20-100 <0.1
| Normal acceleration and deceleration 0.1-0.2 5
Train ‘ Emergency stop from 70 mph 0.4 2.5
Ordinary take-off 0.5 >10
Catapult take-off 2.5-6 1.5
Aircraft Crash landing (potentially survivable) 20-100
Seat ejection 10-15 0.25
Parachute opening 33 0.2-0.5
at 40,000 ft
Parachute opening at 6,000 ft 8.5 0.5
Man Parachute landing 34 0.1-0.2
Fall into fireman’s net 20 0.1
Approximate survival limit
with well distributed forces 200 0.015-0.03
{fall into deep snowbank) |
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Figure 2-4. Tolerance to Eyeballs-Out Acceleration
{Ref. 8)

can be tolerated at a rate of onset of less than 500 ¢
per second; but, with the back bent forward to the
limit of motion, this limit diminishes to less than
15 ¢g.
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Figure 2-5. Tolerance to Eyeballs-In Acceleration {Ref. 8)

Acceleration in the tailward, or eyeballs-up
direction have not been tested to tolerance limits
with human subjects. However, 10 to 12 g is
tolerable for periods of 0.003 to 0.3 seconds at
rates of onset between 10 and 82 g per second.
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Figure 2-7. Tolerance to Eyeballs-Up Acceleration
{Ref. 8)

When exposed to abrupt transverse (eyeballs-
in-or-out) accelerations, the subject reacts some-
what like a boxer does to a blow. At a threshold of
30 ¢ with an onset rate of 1,000 ¢ per second, the
subject experiences a brief period of shock mani-
fested by lowered blood pressure and weakness.
At 40 g and an onset rate of 1,500 g per second,
he loses consciousness.

The structure of the neck is rather well
adapted to support the head. Injury to the neck
due to abrupt transverse acceleration seems to oc-
cur only upon backward flexion and extension of
the neck when the body is accelerated from back
to front without the benefit of a head support. This
gives rise to the so-called ‘‘whip-lash’’ injury so
common in rear-end automobile collisions.

2-6.2.2 Brief Accelerations

Brief accelerations are eategorized as those
whose duration lasts from 2 to 10 seconds. ,At a
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duration of about 2 seconds, so-called hydraulic
effects begin to take place in the body. These con-
sist of the displacement of fluids in the body cells,
changes in the hydrostatic equilibrium between
small blood vessels and their surrounding body
fluids, changes in permeability and structural fail-
ure of blood vessels, and the mechanical displace-
eral orientation of the body with respect to the
ment or deformation of body structures. The gen-
direction of acceleration determines the physiolog-
ical effect of the hydraulic displacements.

With headward (eyeballs-down) aeceleration,
body fluids and organs are displaced downward,
Le, away from the head. Oxygen-carrying blood is
unable to reach the brain and pools in the lower
portions of thc body. Vision fails before con-
seiousness, because arterial blood must overcome
a normal presure of about 28mm Hg in the eyeballs,
whereas the opposing pressure inside the skull is.
negligible. Time limits for tolerance of these
conditions are set by the occurrence of visual
blackout and unconsciousness. These are the hy-
poxic effects shown in Figure 2-8. Total cessation
of blood flow to the brain causes uneonsciousness in
about 7.seconds and irreparable brain damage in
2 to 3 minutes.

During tailward (eyeballs-up) acceleration,
body fluids and organs are displaced upward, i.e.,
toward the head. Tears fail to drain from the eyes

causing an impairment of vision. The increased
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Figure 2-8. Hypoxic Effects During Eyeballs-Down
Acceleration
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blood and pressure on the brain and eyes cause
confusion, pain, and hemorrhage. About 3 to 5
g of tailward acceleration can be tolerated for
periods up to 30 seconds.

Tolerance limits for transverse accelerations in
the seated position are set by hemorrhage into
the eyes, retinal detachment, chest pain, and diffi-
culty in breathing. The following acceleration
forces are tolerable: 3 g for 900 seconds, 10 g for
120 seconds, 15 g for 5 to 50 seeonds, and 25 ¢ for
1 second.

2-6.2.3 Prolonged Accelerations

Accelerations whose duration lasts for more
than 10 seconds fall into this category. After the
body experiences severe acceleration forces for
about 5 seconds, it begins to respond physiologically
with compensatory reflexes. These are chiefly in
the form of increased heart rate and force, to
help circulate the blood that would otherwise
pool peripherally, and by constricting blood vessels
to reduce peripheral flow and to reduce the escape
of blood through vessel walls. These compensatory
reflexes become fully active in 15 to 20 seconds
and may persist for many minutes or even hours
if the acceleration forces are not too great, If
the acceleration forces are excessive, the compensa-
tory reflexes will fail, marking the subject’s time
limit for tolerating that particular level of aceelera-
tion. Situations involving prolonged acceleration
are of vital interest to the designer of aerospace
vehicles, but they are of only academic interest
to the designer of contemporary automotive land
vehicles.

2-6.3 RADIAL ACCELERATIONS
(TUMBLING)

End-over-end tumbling produces centrifugal
forces that are directed headward and footward
from the axis of rotation. These forees are di-
rectly proportional to the square of the angular
velocity and may reach magnitudes sufficient to
cause extensive physiological damage. The most
serious effect of tumbling is the pooling of blood
in the head and legs, and an increase in the hydro-
static pressure in these regions. Although this ef-
fect can cause the rupturing of small blood vessels
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and mechanical damage to loosely suspended or-
gans in these areas, the most serious effect is the
reduction of blood supply to the heart.

Experimental studies aimed at establishing
human tolerance limits for tumbling are forced to
terminate before the subject experiences blackout
because of the extreme pain invelved. Tolerance
data are therefore extrapolated from these studies
and from studies using amimals. Figures 2-9 and
2-10 summarize the data available. 1t should
be noted that at the tumbling rates and durations
that are likely to be encountered in military land
vehieles physical and physiological stresses are not
a problem. They are of great concern to the de-
signer of aerospace vehicles and aerospace escape
systems.

2-6.4 ANGULAR ACCELERATIONS

I many respects the vestibular apparatus of
the inner -ear is similar to part of an inertial
guidance system. The vestibular, ocular, audio,
and proprioceptive systems of the human body
normally interact to provide sensory data relating
to the perceptual, psychomotor, and physiological
conditions existing at any time. These data are
somehow compared with mental records of volun-
tarily commmanded movements of the eyes, head,
and body and with stored intelligence concerning
the situation. With these various sources of intor-
mation available, the body has fairly accurate
information concerning its state of movement,
position, and visual environment. When one or
more of these sources of sensory data is missing or
experiencing unusual sensory stimulation, the re-
sultant information is often disorienting. Com-
binations of linear and angular accelerations that
are different from those normally experienced often
produce abnormal reactions and grossly inappro-
priate compensatory behavior.

Oculogyral illusion is associated with the ef-
fects of angular acceleration on the vestibular ap-
paratus of the ears and on the motion of the eye-
balls. With the onset of rotation, an object that is
fixed with respect to the subject will appear to
move in the direction of rotation. As the rotation
attains a uniform angular velocity, the apparent
motion of the object will slow down until it comes
to rest. If rotation is suddenly stopped, the object
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will appear to move rapidly in a direction opposite
to the previous rotation.

In the dark, or when blindfolded, this illusion is
transferred to the body. At the onset of rotation,
the subject is usually aware that motion has started
and correctly interprets his direction of rotation.
With continued rotation at constant speed, how-
ever, his feeling of rotating will diminish until he
vomes to believe that he has stopped rotating. Fol-
lowing this state, and while the subject is still being
rotated at a constant speed, he will occasionally ex-
perience an illusory feeling of rotating in the op-
posite direction. When rotation is stopped, a series
of 1llusions follow that are all in the opposite direc-
tion to the actual previous rotation.

Also assoeiated with the vestibular apparatus
of the inner ear is audiogyral illusion which oc-
curs during angular deceleration. After rotation
has stopped, the sources of sound appear displaced
from their true sources in the direction of the
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previous rotation. For example: after rotation to
the right, a sound eminating from a source directly
in front of the subject appears to eminate from a
source to the right of his direct front. Average
displacements of 17 degrees have been recorded.
This effect is opposite in direction to that of ocu-
logyral illusion in which, following rotation to
the right, the illusory visual displacement would
be toward the left.

‘When rotational, centrifugal, and gravitational
effects are combined, oculogravie illusions oceur.
One form takes place when a subjeet is seated facing
the center of rotation. As rotation begins, he is
subjected to a normal gravitational force, directed
downward, and a transverse force directed radial-
ly outward, caused by his rotation. As his rota-
tional speed increases, he has the sensation of
being tilted backwards; and, when the transverse
forece reaches about 1.5 g, he experiences an illusion
of lying on his back in a horizontally tilted chair
fixed to a vertical support and the walls of the
room rotating in vertical planes past him. When
lis rotational speed decreases and stops, the oppo-
site sensations are experienced. This illusion de-
velops over a period of from 5 to 50 seconds while
rotation continues at constant speed. When the
subject is seated facing away fromm the center of
rotation, a similar illusion oceurs, but in the op-
posite direction.

The illusions just described are brought about
by -angular accelerations of relatively long dura-
tion (several seconds). Tt is not readily conceiv-
able how these conditions might exist in land ve-
hicles particularly in contemporary types. The
information is given, however, to augment general
knowledge and it may prove to be an important
cousideration when applied to some future concepts.

2-7 VIBRATION EFFECTS

The consideration of vibration effects upon the
human being are chiefly concerned with their in-
fluence upon his physical comfort, health, SeNSOTy
and mental acuity, and proficiency in performing
assigned tasks. Of interest are such periodic me-
chanical forces which displace or damage body
organs, rupture tissue, or produce perceptible feel-
ings of pain, annoyance, or fatigue. In general,
these are high-amplitude, low-frequency vibrations;
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although vibrations in the audiofrequency range
can cause damage to hearing,

Vibration studies conducted on the M41A1,
76mm gun, military tank and on the M59 Armored
Infantry Vehicle (tracked) operating at various
speeds up to 25 mph over various military test
courses (10 mph over the eross-country test course)
showed a broad spectrum of vibrations present at
various parts of the vehicles. Frequencies ranged
from 0 to 1200 cps—although dominant frequen-
cies were below 500 cps—and zero to peak accel-
erations as high as 13 g were recorded (Ref. 18).
The frequencies were divided into four frequency
bands for consideration; namely, 0 to 99, 100 to
199, 200 to 500, and over 501 eycles per second.
Frequencies in all bands were often recorded at
the same location demonstrating the complexity
of the vibrations experienced by the vehicle. These
vibrations are transmitted to the occupants, cargo,
and equipment within the vehicle.

The effect of vibrations on the human body
depends upon the physical parameters of the im-
pinging energy, its direction of application rela-
tive to the axes of the body, and the mechanical
impedance and absorption coefficients of body tis-
sue, organs, and of the body as a whole. Further-
more, sinece the applied frequencies will react with
the natural frequency of the body and of its parts
to produce resonances, the resonant frequencies of
the body and its parts assume special importanee.

2-7.1 VIBRATION CHARACTERISTICS OF
THE HUMAN BODY (REFS. 5, 6, 9)

Figure 2-11 shows the mechanical impedance
of a man standing and sitting on a platform that
is vibrated in a vertical direction. The figure il-
lustrates the relationship between the impedance
and the frequency of the vibration. At frequencies
of 2 cps and less, the body acts as a unit mass,
and the impedance varies linearily with frequency.
Above 2 cps, the first resonance occurs for the
sitting man, between 4 and 6 cps; while for the
standing man, resonance peaks occur at about 5
and 12 eps. The figure also illustrates the effect on
mechanical impedance of museular tension and
of the use of a semirigid envelop around the
abdomen. It is clearly demonstrated that relaxing
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Reprinted by permission from Shock and Vibration Handbook,
. Harris and Crede, 1961, McGraw-Hill Book Company.
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Figure 2-11. Mechanical Impedance of Standing and
Sitting Human Subject (Ref. 6)

the musculature brings about a decrease in im-
pedance.

The amplitude and directions of motion of
various parts of the body in a vertically vibrating
environment are determined not only by the im-
pedances shown in Figure 2-11 but also by the
location of the cénter of gravity of the upper torso
and of the head relative to the axis of the vibra-
tion. Since the torso center of gravity is forward
of the spine, nonvertical motions of the torso will
take place. Similarly, a forward-backward oscil-
lation of the head will take place as a result of the
displacement of the center of gravity of the head.

Examples of relative amplitudes of different
parts of the body when subjected to vertical vibra-
tions are shown in Figure 2-12, for a standing
subject, and in Figure 2-13, for a seated subject.
The curves show an amplifieation of motion in the
region of resonance and a decrease at higher
frequencies. Impedance and transmnissibility fac-
tors vary considerably with different body types,
posture, and degree of support afforded by the
‘seat and back rest, or by the state of the ankle and
knee joints for the standing subject; but the reso-
nant frequencies remain relatively constant. Above
approximately 10 cps, vibration displacement am-
plitudes of the body are smaller than the amplitude
of the execiting table, and they decrease with in-
creasing frequency. At 100 eps the attenuation of
the head is about 40 db.

Figures 2-12 and 2-13 show that the head ex-
hibits a mechanical resonance between 20 and 30
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eps. When subjected to vibrations in this fre-
quency range, the head displaccment amplitude
can exceed the shoulder amplitude by a factor of
three. This resonance is anm important considera-
tion in conneetion with the deterioration of visual

acuity under the influence of vibration,
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Another important factor in humnan tolerance
to vibration is the thorax.abdomen system. The
abdominal viscera have a high mobility due to the
very low stiffness of the diaphragm and the air
volume of the lungs and chest wall behind it.
Under the influence of longitudinal and transverse
vibrations of the torso, the abdominal mass vibrates
in and out of the thoracic cage. This periodic dis-
placement of the abdominal viscera has a sharp
resonance between 3 and 3.5 eps.

Trausverse vibrations—vibrations in a hori-
zontal plane acting in a front-to-back direection on
a4 human subject in a normmal upright position—
produce quite a different physical respouse from
that prodneed by vertical vibrations, Tn vertical
vibration, the acceleration forces act in line with
the gravitational forces acting on the body masses;
wlereas in transverse vibratiou, the acceleration
forces act at right angles to this line. Therefore,
the distribution of the body masses along this line
is of ntost iinportance to the characteristies of the
response. Furtherfore, the design of the body’s
supporting structure——the skeleton and spine—is
much more effective for vertical loading than it
is for transverse loading. This results in a greater
difference i1 response between sitting and standing
positions for transverse vibrations than for vertical
vibratious,

The transmissibility of transverse horizontal
vibrations of the standing and scated human snb-
ject is shown in Fignre 2-14. The displacement
amplitudes of the hip, shonlder, and head of the
standing subject are about 20 to 30 percent of the
awmplitude of the exciting table at a frequency of
1 eps and decrease as the frequency increases. The
shoulder and head attain maximum amplitude at
about 2 and 3 eps, respectively. The seated subject
exhibits amplifications of the hip and head vibra-
tion reaching resonance at about 1.3 and 2 cps,
respectively. All critical resonances ocenr be-
tween 1 and 3 eps.

In addition to transverse inotions, transverse
vibrations also excite motions in the longitudinal
direction. This is particularly noticeable in the
movement of the head. Tinder transverse vibra-
tion the head performs a nodding notion due to
the structure of the upper vertebrae and the loca-
tion of the center of gravity of the head. Above
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Reprinted by permission from Shock and Vibration Handbook,
Harris and Crede, 1961, McGraw-Hill Book Company.

about 5 cps, the head motion for the sitting and
standing subject is predominantly vertical.

2-7.2 MAJOR PHYSIOLOGICAL EFFECTS
OF VIBRATION

The application of periodic mechanical forces to
the human body produces motions and stresses that
may have any of several types of effects; namely,
mechanical interference, mechanical damage, bio-
logical effects, subjective responses, and thermal
and chemical effects. Thermal and chemical ef-
fects are not cousidered relevant to the designer
of vehicle suspension systems and are, therefore,
omitted from the following discussion. The other
effects are discussed in the paragraphs which follow.

2-7.2.1 Mechanical Interference

Certain types of displacement, velocity, and
acceleration, if of sufficient magnitude, can be dis-
turbing to sensory and ueuromuscular activities;
such as the reading of instruments (visual acuity),
making accurate adjustments of manually operated
controls, or maintaining precisely a desired body
position. Speech communication becomes difficult.
Quantitative data on the types of motion that
cause mechanical interference are rather secarce.
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Tolerance limits are affected by the frequency and
amplitude of the vibration, and by the degree of
precision required in performing a particular task
or activity. A disturbance such as an undesirable
lowering of visual acuity, for example, can be
controlled by either changing the frequency of the
vibration, reducing the amplitude, or decreasing
the acuity required for a specified task.

A study (Ref. 19) to clarify the relative im-
portance of changes in frequency compared to
changes in amplitude in determining the severity of
whole body vibration in the vertical longitudinal
plane yielded some interesting results. Tests were
conducted to determine the ability of human sub-
jects to perform difficult, two-dimensional tracking
tasks while being vibrated with varying degrees of
severity. The study showed significant changes in
performance as either frequency, amplitude, or
both were varied. However, the performance
changes that resulted from changes in the ampli-
tude of the vibration overshadowed the changes in
performance resulting from changes in vibration
frequency to such an extent as to indicate that
amplitude is the most significant variable in de-
fining the severity of vibration as they affect hu.
man subjects. Furthermore, a threshold amplitude
(about 0.06 inch) was shown to exist, below which
tracking proficiency is not adversly affected re-
gardless of the frequencies employed (in a range
of 2 to 15 eps). This is a rather noteworthy ob-
servation, since it is common practice to relate
vibration severity to the levels of acceleration that
are produced. Acceleration, however, is propor-
tional to the product of amplitude times the fre-
quency squared (¥, = y,w®) and, thus, reflects
frequency changes to a much greater degree than
it does changes of amplitude. In view of these
test results, mathematical expressions intended to
characterize the severity of vibrations to humans
should recognize amplitude as the predominant
contributing factor.

2-7.2.2 Mechanical Damage

Physical damage is produced when the accel-
erative forces are high enough. Considerable ex-
perimental data are available from tests performed
on animals, but relatively little is available from
tests on man because of the dangers involved to




the test subject. Experimental data from animal
experiments must be evaluated very carefully be-
fore applying any results to humans. Mice, rats,
and cats have been killed by exposure to vibra-
tions (Refs. 20, 21, 22). The frequencies of the
lethal vibrations coincide with the resonant fre-
quencies of visceral organs.

Mice have been killed at accelerations of 10 to
20 ¢ at vibration frequencies between 15 to 25 cps
after only a few minutes exposure. Rats and cats
were killed within 5 to 30 minutes at accelerations
above 10 g. Post-mortem examination of these
animals showed lung damage, heart damage, and
brain injury. The heart and lung damage Wwas
probably caused by an actual beating of these
organs against each other and against the walls of
the chest cavity. The brain injury, which was in
the form of superficial hemorrhage, was probably
caused by relative motion of the brain within®the
skull, by mechanical action involving the blood
vessels or sinuses directly, or by secondary me-
chanical effects. Tearing of intra-abdominal mem-
branes occurred rarely.

Vibration tests performed on human subjects
indicate that a sharp pain occurs in the chest at
about 3 g at 3 eps. Traces of blood occasionally
have been found in the feces after a 15 minute ex-
posure to 6 g acceleration at a frequency of 20 to
25 ecps, indicating mechanical damage to the in-
testine or rectum.

It is only reasonable to expect some of the ef-
fects observed on animals to occur in humans; al-
though, acceleration-frequency curves for these
effects have not been established. Due to the rela-
tively greater visceral masses of the human, the
minima of such curves would be expected at lower
frequencies than in animals and should correspond
to resonant ranges of the visceral organs.

Chronic injuries are also possible and are
produced by long term exposure to relatively low
level vibrations that produce no acute effects.
Under actual conditions, chronic injuries are found
after long exposure to repeated blows or to random
jolts. When such blows or jolts are applied to
the human body at relatively short intervals, the
relationship of the interval to tissue response time
becomes important. Exposure to such an en-
vironment is frequently encountered in buffeting

AMCP 706-356

aireraft, small, high speed water craft, and in
land vehicles operating over rough terrain. Acute
injuries are rather rare in these situations, but
complaints of discomfort and chronie minor in-
juries are quite common. Truck and tractor driv-
ers often complain of sacroiliac strain. Minor
kidney injuries are occasionally suspected and
traces of blood sometimes appear in the urine. The
duration of the exposure and the degree of support
given to the body are important factors.

2-7.2.3 Biological Effects

The eyelic stresses and oscillatory motions pro-
dneed in a human body subjected to mechanical
vibrations are believed capable of stimulating
various receptor organs in the skin and elsewhere,
or of stimulating parts of the nervous system
directly. These stimuli initiate nervous system and
hormonal activities which bring about marked
modifying actions to metabolic processes that relate
to the assimilation of food, muscular activity,
mental activity, ete. These changes are difficult to
measure and correlate; nevertheless, there is con-
siderable indirect evidence to substantiate these
beliefs. The results of these biological responses—
when exposure to mechanical vibration is of suffi-
eient duration and the vibration is sufficiently
severe-—are such phenomena as fatigue, changes in
capacity for work, ability to maintain attentive-
ness, ete. Acute stimulation may excite brain cen-
ters to produce such emotional reactions as fear
or unpleasantness and Jead to automatie, or de-
liberate, compensatory or protective behavior.

2-7.3 VIBRATION TOLERANCE LEVELS

Levels of human tolerance to mechanical vi-
bration involve acceleration, rate of onset or ac-
celeration change (jerk), frequency, amplitude,
duration, mode of application, body position, de-
gree of support, and physical condition of the
subject all acting in combination to produce a
variety of physiological (and psychosomatic) ef-
fects. Such a large number of parameters, coupled
with the difficulties of instrumenting a human
being, make it exceedingly difficult to characterize
experimental results. The methods generally used
are based upon subjective responses of the subjects.
These include such factors as perception of vibra-
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TABLE 24
TOLERANCE CRITERIA FOR SHORT EXPOSURE TO
VERTICAL VIBRATIONS AT VARIOUS FREQUENCIES (Ref. 13)

Symptom Cited as Reason for Terminating Test
Frequency, Abdom- Chest Testic- Head General
cps inal Pain Pain ular Pain | Symptoms| Dyspnea Anxiety | Discomfort

1 8 3

2 8 4

3 2 2 5 1 5

4 2 2 2 3 2 5

5 4 1 6

6 3 4 1 4

7 2 5 1 1 1

8 1 4 1 2 3

9 2 4 1 5
10 1 1 3 2 1
15 | 8

NOTE: Numbers in body of table indicate the number of human subjects that reported experiencing the particular symptom listed.

tion, feelings of discomfort, apprehension, and
pain. Table 2-4 shows the results of a test (Ref.
13) involving 10 human (male) subjects exposed
to vibrations in the frequency range of 1 to 15 cps
for periods of less than 5 minutes. The subjects
were exposed to a specified acceleration amplitude
until it became intolerable. They were then asked
for their reactions and for their specific reason for
terminating the test run. The table shows the
major reasons that were given and the frequencies
at which they occurred.

Generally, there are three simple criteria used
for classifying subjective responses to vibrations;
namely, the threshold of pereeption, the threshold
of unpleasantness, and the limit of tolerance. The
last two criteria are difficult to identify precisely,
but reasonably reproducible results have been ob-
tained. A compilation of these results, based upon
exposures of from 5 to 20 minutes, is shown in
Figure 2-15.

Janeway (Refs. 11 and 12) conducted an ex-
tensive survey of vertical vibration limits for
passenger comfort in which he correlated the ex-
perimental data obtained by a large number of
investigators. The result of this work has received
considerable popularity in the automotive field. He
related human tolerance of simple sinusoidal vi-
brations in the vertical plane to one of three wi-
bration parameters in each of three portions of
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the frequency range from 1 to 60 cps. In the low
frequency range of 1 to 6 cps, he found the jerk,
or rate of acceleration change, to be the chief cri-
terion of discomfort; in the intermediate fre-
quency range of 6 to 20 cps, he found it to be the
acceleration; while in the upper range of 20 to
60 cps. he related it to the maximum velocity.
Table 2-5 gives the maximum recommended values
for these parameters and the corresponding vibra-
tion amplitudes. Figure 2-16 shows these same
relationships graphically.

2-8 NOISE EFFECTS

Noise is usually defined as those audible vibra-
tions, or sounds, that are unpleasant or undesirable
by virtue of their loudness, pitch, or quality. From
a purely physical viewpoint, sound is a longitu-
dinal wave phenomenon consisting of compressional
disturbances produced and propagated in solid and
fluid media and, like all wave motions, exhibits a
wavelength, frequency, and an ainplitude or in-
tensity. Sound waves whose frequencies lie be-
tween about 16 and 20,000 cps are perceived as
audible sound by the average, young human ob-
server. Above and below this frequency range, the
sound waves are inaudible but obey the same laws
as do audible sound waves.

‘Within the audible sound range, the human ear
is responsive to a wide range of intensities. Tt is
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most sensitive in the range of 500 to 5,000 eps and,
in this range, the ratio of sound intensity which the
ear can tolerate to that which it can just detect is
approximately 10'2. The minimum sound intensity
that the human ear can detect varies widely at
different frequencies. A sound intensity which can
Just be perceived at 3,000 eps, for example, must
be increased by a factor of 10° to be perceived at
50 cps.

Sound intensity is usually expressed in decibels
by comparing it with a standard reference intensity
and is the sound power that is transmitted through
a unit area of wave front. A decibel is a logarith-
mic scale unit for expressing the relative magni-
tude of two sound {or electrical) powers. No in-
strument is available for the direct measurement
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of sound intensity; therefore, the magnitude of a
sound field is usually specified by its sound pres-
sure level, in decibels. A decibel is defined as 20
times the logarithm to the base 10 of the ratio of
the actual sound pressure to the reference sound
pressure. It is always neeessary to state the ref-
erence pressure, A sound pressure of 0.0002 micro-
bar is the most commonly used reference pressure
for airborne sound. It is the stimulus found to be
barely audible by observers selected for their very
acute sense of hearing (about 1 percent of the
population).

The quality of sound is a subjective attribute
of an audible vibration by means of which equally
loud sounds can be distinguished as different in
kind. For musical tones, differences in quality are
eaused by differences in the energy distribution
among the harmonics (overtones) of the funda-
mental frequeney. For the unpitehed sounds
which constitute typical noise, differences in qual-
ity represent differences in the energy distribu-
tion in various parts of the acoustical spectrum.
The quality of a noise affects both the sensation of
loudness that it produees and its psychological
annoyance. Shrill, high-pitched, and irregular
sounds are usunally judged less pleasant than low-
pitched and regular sounds.

Loudness of a sound, or noise, is another sub-
jective attribute of audible vibrations and one
that cannot be simply correlated with physically
measurable attributes of sound waves. In order
to provide a quantitative basis for eonsidering the
subjective attribute, loudness, the term loudness
level is used, and its unit of measure is the phon.
The number of phons of loudness of a given sound
is equal to the pressure level (in decibels above a
standard reference) of a pure 1000 ceps tone that is
judged by a typical observer to have the same
loudness as the sound in question. This loudness-
level scale is applicable to complex sounds as well
as to pure tones since it has been shown that ob-
servers can make cousistent judgments of loudness
equaiity even when the sounds being compared
vary widely in frequency and quality.

Figure 2-17 shows the audible frequency and
intensity range for human subjects. The equal
loudness lines show the pressure levels required
for a given pure tone to sound as loud as a corre-
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Figure 2-16. Human Reaction to Vertical Vibrations {Ref. 12)
Reprinted by permission of the author, Robert N. Janeway, and the Bociety of Automotive Engineers, Ine,
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TABLE 2.5
RECOMMENDED CRITERIA OF HUMAN DISCOMFORT FOR SIMPLE
SINUSOIDAL BODY VIBRATION IN THE VERTICAL PLANE (Rei. 11)

‘ o Tolerable Amplitude,
Frequency, cps Discomfort Criteria inches
1-6 Jerk, Max. = 40 ft per sec® 723_
6-20 Acceleration, Max. = 1.1 ft per sec? 2
3f*
20-60 Velacity, Max. = 0.105 inches per sec 6%7
|

Legend: f is the frequency in cycles per second.
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Figure 2-17. Audible Frequency and Intensity Range
for Human Subjects

sponding 1000 cps reference tone. The extreme
lower line represents the lower threshold of audi-
bility for an observer with acute hearing; the
upper extreme represents the threshold at which

sound perception merges into a feeling sensation
within the ear. Typical sound levels of some com-
mon sounds and environments are given in Table
2-6.

Of principal interest from a human factors
viewpoint are the maximum levels of noise that are
allowable and the effects produced when these
limits are exceeded. The specific effects of noise
on man are (Ref. 23):

(a) Interference with communication,

(b) Loss of hearing, both temporary and per-
manent.

(e) Discomfort, pain, and, finally, damage to
tissue.

(d) Immediate or short-term effects such as
fatigue, loss of sleep, psychosomatie or
neuropsychiatric symptoms, ete.

Table 2-7 summarizes the results of some significant
tests on humans that should be of interest to ve-
hicle designers.

Temporary hearing losses resulting from ex-
posure to noise increase with increases in noise
level, with the duration of the exposure, and with
decreases in the band width within which the
energy is concentrated. The effect is a loss of
auditory acuity, especially in the 1,000 to 6,000
cps range, and a reduction in the apparent sound
level of the noise. Temporary hearing losses are
produced rapidly and reach their maximum within
about 7 minutes for exposure to pure tones. Maxi-
mum loss from wide-band noise takes longer and
depends upon whether or not it is a steady-state
noise. For a steady-state noise in a tracked ve-
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TABLE 2-6

TYPICAL SOUND LEVELS OF SOME COMMOKN SOUNDS

AND ACOUSTICAL ENVIRONMENTS

Sound Pressure
decibels | dynes/cm? Description
T 0 ‘ 0.0002 Very Threshold of audibility
10 0.001 faint Soundproof room
20 | 0.002 Whisper
Rustle of leaves
| Faint Quiet conversation
30 0.01 Quiet auditorium
Quiet home
40 0.02 Quiet, radio
Moderate Average conversation
50 0.1 | Average office
Noisy home
60 0.2 Average factory
Loud | Average radio
70 1.0 Average street noise, noisy typewriter
80 2 Noisy office
Very Police whistle, loud speech
90 10 loud Heavy street traffic
Noisy factory
' Very loud street noise
100 20 Deafening Boiler factory
Elevated trains
110 | 100 [ Nearby riveter
' Loud thunder and artillery fire
120 200 Very Jet engines
deafening Threshold of feeling
130 1,000 Ear discomfort
140 I 2,000 |
150 10,000 Intolerable | Jet engines
160 20,000

| I

hicle or in an industrial setting containing octave-

“Damage Risk (less than one hour),

band pressure levels of 90 to 100 decibels, an
average loss of auditory acuity of 15 decibels for
tones about 1,000 cps can be expected following
an exposure of about 4 hours. Exposure to a non-
steady and intermittent noise of the same intensity
is much less severe.

Table 2-8 shows noise level criteria that have
been established by the U.S. Air Force as the
maximum tolerable noise levels that can be per-
mitted at a human operator’s position. The ecri-
teria are divided into three categories according
to operational requirements. The first category,
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situations where the equipment will normally
operate for periods of less than one hour per day
and where no speech communication is required.
The- second category, ‘‘Damage Risk (over one
hour),"’ is used in situations where the equipment
will normally operate for periods of 1 to 8 hours
per day and where no speech communication is
required. The noise levels given in these two cate-
gories represent the maximums to which unpro-
tected personnel can be exposed for the indicated
periods without risk of hearing damage. The third
category, ‘‘Comminication,’’ is used in situations
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TABLE 2.7

PHYSIOLOGICAL EFFECT OF NOISE
AT VARIOUS FREQUENCIES AND INTENSITIES (Ref. 23)

Frequency, cps

Intensity, decibels

Effects

100 to 12,000

1,000

100 to 12,000

100 to 12,000

100 to 12,000
20,000

130

135

140

150

150 to 160
160

Interference with voice communications, permanent
cumulative hearing loss.

Inner ear effects, nausea, vomiting, nystagmus, shifting of
visual field.

Auditory pain, permanent cumulative hearing loss even
with best protective devices.

Massive stimulation of many senses, nausea, vomiting,
Intense ear discomfort even with best protective devices.

Severe breakdown of psychomotor performance.

Unusual fatigue, unbearable pain in palms of hands, body
heating

TABLE 2-8

NOISE LEVEL CRITERIA

AT OPERATOR’S POSITION (Ref. 24)

Damage Risk
(Less than one hr),
Frequency Band, cps decibels*

37-75 115
75-150 105
150-300 97
300-600 94
600-1200 93
1200-2400 92
24004800 91
4800-9600 20

Damage Risk
(Over one hr), Communication,
decibels* decibels*
106 106
96 96
88 88
85 81
84 75
83 72
82 71
81 69

*Decibel reference 0.0002 dynee per square centimeter,

where minimum speech communication is required.
The noise levels given in this category will permit

adequate voice communication only at distances of
less than 3 feet and require that the talker shout.

SECTION III ENVIRONMENTAL FACTORS

2-9 GENERAL

Environmental factors that affect the suspen-
sion system and the mobility of a vehicle fall into
three broad categories; namely, terrain, climatic
conditions, and combat conditions. Terrain in-
cludes such considerations as slopes and defiles,
ground conditions, vegetation, obstacles, and
streams; climatic conditions -include the ambient
temperature, humidity, wind, and precipitation;

and combat conditions include shocks produced by
weapon recoil, ballistic impacts, high energy blast,
shoeks encountered during air-drop operations, and
temperatures above the ambient produced by ther-
monuclear weapons and flames. Any one of these
considerations ean be the determinant in the
mobility of a vehicle at a particular time; but
more commonly, mobility is determined by the
combination of two or more elements. Although
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these various environmental elements are discussed
separately here, one should bear in mind that the
effects of one element often depends, at least
partially, upon the effects of other elements; and
it is the integration of effects which determines
whether a vehicle will move in a particular environ-
ment with ease, with difficulty, or not at all.

2-10 TERRAIN

The most obvious characteristies of terrain are
its slopes and defiles, soils (including accumula-
tions of snow and ice), vegetation, streams, and
cultural features. Climate is sometimes considered
as a terrain factor in that its influence has a direct
bearing upon the other factors; such as causing the
soil to be dry, moist, wet, frozen, or snow covered,
or by effecting the condition of streams. These ter-
rain factors and their influence upon vehicular
suspension systems are taken up separately.

2-10.1 SURFACE CONFIGURATIONS

2-10.1.1 Slopes

By definition a slope is the inclined surface of
a hill, mountain, ridge, or any other part of the
earth’s surface. It includes not only the ineclina-
tion of the macrorelief features (hills and moun-
tains), but also the microrelief features, such as
small diteches and gullies, mounds, low escarp-
ments, and small sink holes. Some of these micro-
relief features might be appropriately -classified
as roughness factors rather than slope factors, but
they are included with slopes because their ob-
stacle value is derived from the steepness of their
sides.

Slopes are generally expressed as percent of
slope rather than in angular degrees. The percent
of slope is the amount of vertical rise in elevation
per 100 feet of horizontal distance. Thus a slope
of 100 percent would be the hypothenuse of a
right triangle 100 feet long on the base and 100
feet high on the side. A 45° angle to the horizontal,
therefore, is equal to a 100 percent slope.

A diagram of a 100 percent, or 45°, slope does
not appear to be particularly steep, but analysis
should not be deceived by this. Slopes in nature
greater than 80 percent are rather uncommon,
unless they are rock escarpments or slopes of loess
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or volcanic ash. Slopes of 60 percent are about
the steepest that soldiers can ascend by walking
straight up the incline. Above this limit they
must adopt a zigzag course; and above 100 percent
(45°), progress is extremely difficult, although not
wholly impossible {(Ref. 25).

Military vehicles, both combat and tactical, are
required to climb slopes of 60 percent. This re-
quirement applies to wheeled as well as tracked
vehicles. However, under most practical military
operations, this limit is considered too high for
vehicles to negotiate. The slope climbing ability
obviously depends upon the vehicle having suffi-
cient power (Ref. 26) and less obviously upon the
soil strength and grouser action of the wheels or
tracks. In weak soils, the ground-contacting ele-
ments (wheels or tracks) cannot develop suffi-
cient traction, due to soil failure, to overcome the
grade resistance. On extremely hard, smooth sur-
faces, such as rock slopes or frozen ground, the
grousers cannot penetrate and the maximum trae-
tive effort is limited by the coefficient of friction of
the surfaces in contact.

Furthermore, the maximum tractive effort that
can be developed by either wheels or tracks,
through either grouser action or through surface
friction, is dependent upon the component of the
vehicle weight that acts normal to the ground.
Figure 2-18 shows a vehicle on a longitudinal
slope. The normal force component ¥, is a fune-
tion of the slope (¥, = W cos ©, where W is the
vehicle weight) and decreases in magnitude as the
slope increases. Additionally, the slope or grade
resistance ¥, increases as the slope increases. Thus,
the vehicle is inherently capable of developing less
traction on a slope than on level ground but re-
quires more traction on a slope to overcome the
grade resistance.

Tractive effort is further influenced by the non-
uniform load distribution on the wheels (or road
wheels) that occurs on a slope. This nonuniform
distribution of load is related to a number of fac-
tors; such as the location of the vehicle’s center
of gravity, a downhill shifting of the center of
gravity due to an elastic suspension system, the
type of soil in which the vehicle is operating, di-
mensions of the wheels or tracks, configuration of
the soil surface, the presence of aceceleration forces,




Figure 2-18. Effect of Slope on Force Component
Normal to Ground

and the drawbar height, in cases of a towed load.
The net result of these factors is an increased
loading of the downhill wheels and a correspond-
ing unloading of the uphill wheels. In a wheeled
vehicle, this unloading of the frout wheels makes
steering more difficult and may result in a total
loss of steering control. In a vehicle with multi-
axle propulsion, this unloading of the front wheels
may reach proportions where the driving torque
surpasses the traction capacity of the axle, mak-
ing that axle entirely ineffective in driving the
vehicle. The increased loading on downhill wheels
or track components increases the loading on the
supporting soil, which results in an increase of
rolling resistance and may lead to soil failure.

~ In downhill operations, much the same kind of
reduction of maximum tractive effort occurs. Trae-
tion is now needed, however, to develop braking
effort. The weight component acting parallel to
the slope (F, in Figure 2-18) becomes an accelera-
tion force tending to increase the vehicle’s down-
hill speed. Traction capabilities, however, have de-
creased due to the factors mentioned previously.
In the case of a wheeled vehicle on a particularly
steep downgrade, the unloading of the rear wheels
may result in such a loss of traction as to make the
vehicle dangerously unstable.
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Figure 2-19. Relationship Between Slope Climbing Ability
and Soil Strength (Ref. 25)

MAXIMUM SLOPE NEGOTIABLE {PERCENT)

Figure 2-19 shows the relationship between the
maximum slopes that could be climbed by wheeled
and tracked vehicles and the soil strength. The
tests were performed on poorly drainéd, fine-
grained soils and sand with fines. The vertical
scale represents the slope in percent, and the hori-
zontal scale represents the soil strength required
above that needed for movement over flat ground.
Discussion of the cone index, the units of soil
strength, is given in Chapter 7. It should be noted,
that at slopes of about 30 to 40 percent for wheeled
vehicles and 45 to 50 percent for tracked vehicles,
the curves begin to flatten. Beyond these points,
very little is gained in slope climbing capacity,
even though the soil strength is increased sub-
stantially.

There is nothing that a suspension designer
can do to improve the strength of the soil support-
ing his vehicle, but he can do something to improve
the vehicle’s slope climbing ability by proper sus-
pension design. Obviously, the wheel and track
design must strive for maximum traction at the
ground-contacting surfaces. This requires the use
of aggressive grousers on tracks and tires, as uni-
form a distribution of load on the ground as is
possible, and the use of materials that have high
friction coefficients on smooth, hard surfaces.

Grousers must also be effective in a lateral di-
rection to give stability on side slopes, on curves,
and during broadside firing of the major weapons
mounted on the vehicle. Since a certain amount
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of lateral slip is required to negotiate a turn, par-
ticularly in the case of tracked vehicles, the ef-
fectiveness of the grouser elements in resisting
lateral forces becomes a handicap in steering the
vehicle and requires the expenditure of consider-
able power (Refs. 27-31). Thus, the designer must
tread a careful path of compromise to achieve ade-
quate lateral stability with minimum power loss to
steering.

2-10.1,2 Hard Surface Roads

The chief characteristics of hard surface roads
are: reasonably smooth surfaces that are free of
vertical obstacles or sudden depressions, gentle
longitudinal undulations, gentle slopes (generally
under 10 percent), and excellent load-carrying
characteristics which provide minimum rolling re-
sistance. These conditions permit operations at
greatly increased speeds and allow increased pay-
loads on the vehicles.

As the vehicle speeds increase, however, cer-
tain undesirable effects are encountered. In the
case of tracked vehicles particularly, the increased
speed and violence with which the track blocks
strike the hard pavement increases the frequency
of secondary vibrations that are transmitted to the
vehicle body and to its contents. The noise level
within the vehicle is greatly increased and may
reach intolerable levels (Ref. 32). The rubber
blocks applied to the faces of certain track designs
become overheated more readily in high speed
operation on hard surfaced roads. This leads to
a blowing out of the rubber blocks and to internal
separation of the rubber—both of which are highly
undesirable because they decrease the usable life
of the bloeks.

In addition to generating heat and noise, the
continuous impacting of the track blocks against
the hard surfaced road constitutes a power loss.
This loss inecreases with speed and with the
hardness of the road surface.

The maximum tractive effort that can be de-
veloped on a hard surface road is limited hy the
coefficient of friction between the road and the
ground-contacting surface of the track. Thus, the
objectives of track block designs for hard road
operations are the attainment of high tractive
forces through the nse of materials with high co-
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efficients of friction, designs that tend to make the
track blocks adhere to the road, low hysteresis, and
good heat dissipation characteristics.

In addition to the effects of hard surfaced
roads upon tracks, the suspension designer must
also be concerned with the effect of tracks upon
the road. A tracked vehicle uses skewing maneu-
vers to change or correct its course; but, since
the traction surface is designed to resist lateral
motion, this skewing tends to tear up the road sur-
face. Furthermore, it is quite obvious that tracks
equipped with metal grousers or cleats will score,
chip, abrade, and break up the surface of a hard
pavement; but the effect of rubber blocked tracks
1s often underestimated. Ground pressures ex-
erted by tracked vehicles upon pavements are very
low as compared to pressures under the tires of
heavy wheeled vehicles, and the faet that the pres-
sure is more or less continuous over two large
areas rather than concentrated on several rela-
tively small areas makes the deflection experienced
by the pavement less severe under tracked ve-
hicles than under wheeled vehicles of comparable
gross weight. The manner in which the load is
applied to the pavement, however, is quite differ-
ent for the two types of vehicles.

In the case of wheeled vehicles, the load is
applied smoothly to successive areas of the road
as the vehicle advances, resulting in a deflection
wave in the pavement that moves longitudinally
with the vehicle. In the case of a tracked vehicle,
however, the load is applied in a continuous sue-
cession of impacts as each track block strikes the
ground (see paragraph 10-24.3 of Chapter 10).
This produces a spalling of the pavement surface
and sets up a vibration in the pavement that is
transmitted through the base course to the sub-
grade and to the shoulders of the road.

The effect of this vibration depends upon the
thickness of the surface course and upon the
composition and density of the base and subgrade.
In situations where the subgrade or base courses
have not been sufficiently compacted, this vihra-
tion causes a redistrihuting of base course or sub:
grade material, resulting in voids under the hard
surface course. Cracks eventually develop and the
pavement will fail. This situation is aggravated
when the base or subeourses consist primarily of




cohesionless materials (see Chapter 4). Base courses
and subgrades that contain cohesive materials are
less affected by vibrations and, therefore, are less
prone to failure under the continuous traffic of
tracked vehicles. The surface course, however, is
still subject to spalling due to the impact loading.

2-10.1.3 Secondary Roads

The effects of secondary roads upon vehicle
suspensions are not materially different from those
discussed in the preceding section. Grades may be
steeper (up to 32 percent for short distances in
high mountains) and road surfaces are less smooth.
Greater rolling resistance is encountered on sec-
ondary roads than on hard surfaced roads as evi-
denced by the need for increased horsepower to
maintain a given speed. Approximately 12 to 28
percent more horsepower was required to develop
speeds of 10 to 25 miles per hour on gravel as
compared with concrete pavement.

In general, less traction can be developed on
secondary roads than on hard surfaced roads due
to a reduced coefficient of friction between the con-
tacting surfaces caused by the rolling or sliding of
loose surface material. Full advantage cannot be
realized from aggressive grousers on the wheels or
tracks because the road is sufficiently hard to pre-
vent grouser peretration. In addition, the loose
material on the surface of secondary roads has an
undesirable abrasive effect upon suspension com-
ponents, increasing wear and shortening compo-
nent service life. The sharp edges and corners of
gravel used in secondary roads cause chipping,
cutting, and chunking of rubber track blocks,

Secondary vibrations and noise caused by the
track blocks impacting the ground are somewhat
less severe on secondary roads than on hard pave-
ments. This is due to secondary roads being gen-
erally softer and more readily deformed, thus
tending to attenuate the dynamic foreces and make
the impacts less severe,

Eftects of vehicles, both wheeled and tracked,
upon secondary roads are more severe than upon
hard surfaced roads. The spinning of wheels and
the wheel loads cause the surface material to move
toward the edges and shoulders of the road. This
results in ruts, chuck holes, and washboard effects.
Tracked vehicles disturb the wearing surface of
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the road with the grouser action of their tracks, the
lateral scrubbing resulting during steering maneu-
vers, and with the severe vibrations the impacting
track blocks produce. This vibration affects not
only the wearing surface of the road, but is trans-
mitted to the base course and subgrade as well.
Road material is displaced outward leaving ruts,
holes, and washhoard eonditions behind.

2-10.1.4 Cross-Country Operations

The term ‘‘eross-country operations’’ refers to
overland movements of military vehicles aud foot
troops without the benefit or use of roads or any
type of temporary or improvised matting or other
expedient device. A large number of factors affect
movements of this type; such as slopes,.soil ehar-
acteristics, vegetation, streams, cultural features,
and climate. The effects of these are discussed indi-
vidually.

The salient aspect of cross-country movements,
however, is that vehicle requirements vary quite
widely for different situations, particularly with
respect to the suspension system. The requirements
for movement over hard, rocky terrain are quite
different from those needed for movement through
deep mud, or from those needed for operations in
snow, or on ice. Furthermore, the situation is very
sensitive to climatic conditions and weather, so
that a change in weather may bring about an
entirely different set of requirements, Thus, a
certain amount of versatility must be designed
into the system to make the vehicle useful under a
maximum number of conditions, In addition, it
sheuld be eapable of rapid modification-—through
the use of appropriate kits—to render 1t effective in
other situations.

2-10.1.5 Water Operations

Two general types of water operations are
encountered by military vehicles which affect the
suspension systems; namely, fording and swim-
ming. In a fording operation, the vehicle crosses
the water obstacle by propelling itself through
contact with the ground beneath the water in the
same manner that it propels itself on dry land.
Since ground conditions of the river bottom may
vary from firm to extremely soft and from rela-
tively smooth to boulder strewn, the tractive de-
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vices and suspension linkages must be designed to
cope with these situations.

Additional tractive effort is required during
fording operations to overcome the resistance of the
water against the vehicle’s frontal areas. Fur-
thermore, additional rolling resistance is often
encountered in the form of large boulders in the
path of the vehicle, excessive sinkage into a soft
bottom, and dense underwater vegetation. The de-
velopment of tractive effort, however, is hampered
by the buoyant forces that act ou the submerged
vehicle, The effect of these is to reduce the total
downward force due to the vehicle’s weight, result-
ing in reduced grouser penetration and reduced
traction. Strong currents may produce a washing
away of sand from beneath the tracks or wheels,
thus further decreasing the tractive effort and in-
creasing rolling resistance.

Steering, too, 1s more difficult during a deep
fording operation. This is due to the reduced trac-
tion and increased rolling resistance. In the case
of tracked vehicles fording a rock-strewn river,
rocks and boulders may impede the characteristic
yawing or slewing that are necessary in changing
the direction of this type of vehicle.

Angles of approach and departure (defined in
paragraph 2-10.1.6) are especially important in
deep fording operations and should be made as
large as possible, A vehicle with an inadequate
angle of approach may ford a deep river suc-
cessfully only to become incapacitated at the far
shore by nosing into a steep bank that it is unable
to climb because of structural interference. Simi-
larly, a vehicle ean become ‘‘hung-up’’ on entering
the water by insufficient angle of departure.

Many military vehicles are required to have
swimming capabilities. This requires that the ve-
hicle have a buoyant hull, capable of floating it
when fully loaded, and a means of water propul-
sion. This latter requirement is sometimes accom-
plished by providing the vehicle with a powered
serew-propeller or a hydrojet. The most common
practice, however, is to use the vehicle’s wheels or
tracks to achieve this end. Special grousers are
sometimes added to the tracks and wheels to make
them serve as paddle wheels. Directional control
is also achieved by means of the tracks and wheels
in much the same manner as is done on dry land.
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Speeds in the neighborhood of three knots are
developed in this manner.

One of the most critical situations for an am-
phibious vehicle is the transition from operating
as a land vehicle to operating as a water vehicle,
or vice versa, which takes place when entering or
leaving the water. When entering the water, the
maximum tractive effort that can be developed by
the ground-contacting elements (wheels or tracks)
is progressively decreased as the buoyant forces
support a greater proportion of the vehicle weight.
When the vehicle is finally floating free of the
bottom, there is zero tractive effort, and all pro-
pulsion must come from the water or other means.
In situations where the banks are very soft, slip-
pery, or marshy, the tractive effort may becomne
insufficient to overcome vehicle resistance before the
vehicle is waterborne. In these circumstances, the
vehicle will be immobilized on the river bank—
partially in the water and unable to move in fur-
ther because of insufficient traction, and unable to
move back up the bank because this direction re-
quires additional tractive effort to overcome the
grade. The situation is similar to that which may
occur in a marsh or bog. There the ground is in-
capable of supporting the vehicle on its wheels or
tracks as a land vehicle and yet offers sufficient
resistance to prevent propulsion as a water-borne
vehicle,

When leaving the water, a similar situation
occurs although somewhat more difficult. In this
circumstance, the transition is from a waterborne
vehicle to a land vehicle. As a waterborne vehicle,
the amphibian can develop only a very limited
maximum driving force which is only a small
fraction of its maximum drawbar pull on land.
Initially, when the wheels or tracks first touch the
upward sloping river mottom, this limited driving
foree together with the vehicle momentum are all
that hold the ground-contacting elements against
the bank and enable them to develop traction. As
the vehicle moves up the bank, a progressively
greater load is taken by the ground, resulting in
a progressively greater available tractive effort.
If the bank is steep, soft, or marshy, the vehicle
may be /unable to develop sufficient traction while
still afloat to begin the ascent of the bank. It may
thus become immobilized by a bank that it could




otherwise negotiate satisfactorily if it could bring
more of its weight to bear upon the ground. Fac-
tors that affect the vehicle’s ability to emerge from
the water at difficult landing sites are: waterborne
drawbar pull, water speed, aggressive grousers,
ability to shift vehicle’s center of gravity, and an
adjustable ground clearance.

2-10.1.6 Man-Made Obstacles

The most common man-made obstacles asso-
ciated with terrain are trenches, ditches, and
vertical walls. The difference between trenches
and ditches, as the terms are used here, is the
manner in which a vehicle crosses them. A trench
is a horizontal void or cavity, relatively narrow
with respect to the vehicle length having vertical
or near vertical walls (Figure 2-20). The vehfcle
makes use of its length, longitudinal rigidity, lo-
cation of its center of gravity, and its tractive

characteristics to bridge the gap. A ditch, on the

other hand, is a horizontal cavity that is relatively
wide with respect to the vehicle length and usually
has sloping sides (Figure 2-21). Since its width
is such that it cannot be bridged by the vehicle, a
crossing must be accomplished by entering the
diteh at one side, traveling to the bottom, and
climbing out the opposite side. Ditch-crossing
capabilities depend upon such factors as: slope
climbing ability, maximum angles of approach and
departure, location of vehicle’s center of gravity,
suspension stiffness, and the presence or absence of
projections on the vehicle that might interfere
with the diteh profile.

Vertical walls are obstructions that project
above the ground and present a more or less ver-

Figure 2-20. Vehicle Crossing Trench
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Figure 2-22. Vehicle Climbing Vertical Wall

tical face to the approaching vehicle (Figure 2-22).
They may be in the form of a plateau or step
from one level to another, or they may be in the
form of a true wall requiring the vehicle to climb
up, over, and down the other side. Wall-climbing
ability depends upon size of wheels or the ge-
ometry of the track, tractive ability, length of
vehicle, location of wvehicle’s center of gravity,
and, in the case of wheeled vehicles, whether rear
wheels, front wheels, or all wheels are driving.
The immediate effect of major obstacles, such as
trenches, ditches, and vertical walls, is to cause
the vehicle to slow down appreciably. A prudent
driver will slow down to ascertain whether his
vehicle can successfully negotiate the obstacle.
Even when he knows he can cross the obstacle he
will do so at a reduced speed to minimize the shocks
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to his vehicle, particularly to the suspension sys-
tem. When crossing a trench, the unsupported
portions of the suspension system drop down to the
full extent of their restraining linkages, which
places them well below the surface of the ground.
When the opposite side of the trench is reached,
these sagging suspension components experience an
impact as they are forced back to their normal
operating positions. The higher the speed with
which the vehicle crosses the trench, the more
severe will be this impact.

Similarly, when a vehicle encounters a ditch,
particularly one with steeply sloping sides, the
front end is initially unsupported, being balaneed
over the edge by the weight of the rear end. As
the center of gravity passes over the edge of the
ditch, however, the vehiele tilts downward until the
forward suspension components strike the ditch
walls. The resulting shock compresses the forward
portion of the suspension system, producing a
downward pitch of the vehicle even greater than
the downward slope of the ditech wall. Under severe
conditions, particularly when the vehicle has a
soft suspension system and a high center of gravity
or the vehicle noses into the diteh bottom, the ve-
hicle may develop sufficient angular momentum to
pitch over onto its back.

A further effect of ditches occurs at the ditch
bottom. Since the ditch has sloping sides, the bot-
tom is a modified V. The included angle formed
by the walls of the ditch tests the vehicle’s angles
of approach and departure. Angles of approach
and departure are defined as the maximum angle
of an incline onto which a vehicle can move from
a horizontal plane, for the angle of approach—or
off from which a vehicle can move onto a hori-
zontal plane, for the angle of departure—without
interference with structural components such as
bumpers or fenders (Figure 2-23). Thus, the
steepest ditch that a vehicle can enter without
becoming immobilized by nosing into the bottom is
one whose sides make an included angle equal to,
or greater than, the supplement of the angle of ap-
proach (180° minus the angle of approach (Fig-
ure 2-24)). Similarly, if the included angle formed
by the sides of the ditech is less than the supple-
ment of the vehicle’s angle of departure, the rear
end of the vehicle will hang up against the near
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Figure 2-24. Ditch Crossing and Angles of Approach
’ and Departure

wall as the vehicle tries to climb out of the ditch.
The lower part of Figure 2-24 shows a tracked
vehicle with insufficient angle of departure to
clear the particular ditch shown. The rear fender
will dig into the ditch wall and may cause sufficient
resistance to arrest further progress of the vehicle.

Another situation that occurs at the bottom of
a ditch is a loss of traction due to bridging.
Figure 2-25 shows a tracked vehicle that has en-
tered a V-shaped ditch. The vehicle’s angle of




approach was adequate to prevent nosing into the
opposite bank, and the vehicle started to climb the
opposite slope. Since the vehicle body is rigid,
and the bottom of the ditch is narrow, the vehicle
body cannot conform to the ditch profile and will
need to move upward as it moves forward to ef-
fectively bridge the apex of the ditch. The sus-
pension system, having a certain amount of vertical
flexibility, will tend to conform to the ditch pro-
file within the limits of its restraining linkage.
Once this limit is exceeded, the ground-contacting
elcinents will leave the ground if the vehicle con-
tinues to move forward as shown in the figure.
This places the full weight of the vehicle on the
contact areas at A and B. If this load exceeds the
strength of the soil at these points, traction will be
lost and the tracks will spin futilely causing the
vehicle to dig into the ditech slopes. This will in-
crease the rolling resistance to be overcomne by the
vehicle, making extrication even more difficult.
Since the vehicle cannot move either forward or
backward, it is hopelessly immobilized.

The point to be noted, however, is the possi-
bility of a vehicle becoming immobilized by a
ditech whose sides do not present otherwise unac-
ceptable grades and whose internal angle is not
unsuitable to the vehicle’s angle of approach. The
main cause of the velicle becoming immobilized,
in this sitnation, is the loss of tractive effort re-
sulting from the loss of uniform ground pressure
which, in turn, is due to the relationship between
the diteh profile and the vehicle length.

2-10.2 SURFACE, SUBSURFACE, AND
ABOVE SURFACE CONDITIONS

2-10.2.1 Soil Physics

The soil over which a cross-country vehicle is
operating is probably the most significant en-
vironmental faetor in vehicle mobility. The most
significant portion is the topmost foot—particularly
the layer from the 6- to the 12-in. depth, known as
‘“‘the critical layer.”” The thickness and location
of the critical layer may vary somewhat with ve-
hicle weight and soil characteristics. In general,
however, it is considered to be the lower half of
the topmost foot of soil; although the soil to a depth
of about two feet, or even deeper, may be of some
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Figure 2-25. Loss of Traction in Ditch Due to Bridging

consequence, Nearly all immobilizations of vehicles
in soil are caused by insufficient traction to permit
devclopment of the forward thrust necessary to
overcome vehicle resistance. It is important, there-
fore, that the vehicle designer—particularly the sus-
pension designer—have some nnderstanding of the
elgineering characteristies of soils.

Individuals of different technical disciplines

consider soils from different aspects. Thus, the
geologist considers soil in terms of its origin and
manner of formation; the mineralogist is inter-
ested in the physical, cheinical, and crystalographic
properties of the soil constituents; while the
agronomist is concerned primarily with the chem-
ieal and structural make-up of the top few inches
of the soil with respect to their ability to support
crops. The engineer, on the other hand, is con-
cerned with soils as they relate to the supporting
of structures and to their resistance to horizontal
forces.
An engineer’s definition of soil describes it as
. . a heterogeneous accumulation of uncemented,
or loosely cemented, mineral grains enclosing voids
of varying sizes. These voids may contain air,
water, or both; or organic matter in various
amounts.”’ From this definition it is readily ap-
parent that the engineer is concerned not only
with the different mineral grains, but also with
the voids between these grains and with the ma-
terial that exists in these voids.

The mineral grains which comprise the solid
portion of soils are particles of rock. All rock
found on the earth fall into one of three basic
types; namely, igneous, sedimentary, and meta-
morphie.

Igneous rocks are those that are formed from

‘&
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the molten material, called magma, which is found
beneath the earth’s crust. This material exists as
a dense fluid under extreme conditions of high
temperature and pressure. When the earth’s crust
which confines the magma is ruptured from internal
strains, this molten material escapes until a stable
condition of pressure is re-established. The molten
magma will normally reach a region of lower tem-
perature and solidify into exfrusive igneous rock.
Basalt, obsidian and rhyolite are typical examples
of extrusive igneous rock.

Another, and more common, action of the mag-
ma 1s to migrate slowly upward through the crust
until it becomes trapped in the crust before it
reaches the surface. The cooling takes place at &
much slower rate than in the former case; and
this decreased rate of cooling, together with the
influences of various materials with which the
molten mass comes into contact during the cool-
ing, affect the type of grain structure that is de-
veloped. To differentiate the igneous rock formed
by this slow process from that formed in the vol-
canic process, it is referred to as intrusive igneous
rock. Examples of this type of rock are granite,
syenite, and trap.

Sedimentary rocks, the second basic type, were
produced by the accumulation and cementation of
pre-existing rock particles or the remains of plants
and animals. Particles that form sedimentary
rocks were deposited principally by water; al-
though, some were deposited by winds and some by
glacial action. Cementation was the result of
clays, or of chemical actions such as that of cal-
cium carbonate. Typical examples of sedimentary
rocks are: sandstone, shale, limestone, and coral.

Metamorphic rock result from pre-existing
rocks which were subjected to extreme heat and
pressure within the earth. Under these conditions,
the rock may change into new and completely dif-
ferent rock, hence the name ‘‘metamorphie.”’
Typical examples of metamorphic rock are: quartz-
ite, which is metamorphosed sandstone ; slate, which
is metamorphosed shale; marble, which is meta-
morphosed limestone; schist, and gneiss.

The reduction of rocks to the minute mineral
grains which constitute soils is accomplished by
weathering. When exposed for a sufficient length
of time to the atmosphere, all rocks undergo dis-
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integration and decomposition and ultimately be-
come a loose, incoherent mixture of gravel, sand,
and finer material. The changes involved are partly
physical and partly chemical. The processes in-
volved may be simple or complex, and they are con-
fined almost entirely to the zone of weathering
which extends from the surface of the ground to
the level of the ground water. They result wholly
from atmospheric agents (moisture and gases)
which penetrate the rock and cause disintegration
and decay. The total weathering process is di-
vided into two categories: mechanical weathering
and chemical weathering.

The soils which result from the weathering
processes are divided into two broad categories
based upon whether they remained in place during
their formative weathering process or were moved
during this process. These conditions influence the
characteristies of the soils formed. The names given
to these two general so0il classifications are: residual
sotls and transported soils.

Residual soils are soils resulting from a weather-
ing in place and which have not been moved (by
nature) during the weathering process. Thus, a
residual soil will reflect the characteristics of the
parent rock from which it was derived. Cumulose
deposits, formed from the deposition of organic
matter with small amounts of rock waste (such as
deposits of peat and muck in lakes and ponds),
are also classified as residual soils.

Transported soils, as their name implies, are
soils that have been moved from their place of
origin and redeposited. The properties of trans-
ported soils have usually been influenced by the
mode of transportation that redeposited them.
Transport agents are water, wind, ice, and gravity.
The most widely distributed of the transported
soils are the waterborne soils. These are further
subdivided into alluvial, marine, and lacusirine
soils in acecordance with the type of water body
from which they deposited.

Alluvial soil is a type that is formed when a
stream loses its carrying capacity due to a decrease
of its velocity. In slowing down, it does not have
sufficient power to keep the large rock particles
moving and they become deposited on the river
bed. As the velocity continues to decrease, ever
smaller particles settle; until, as the river becomes




slow and sluggish in the lowlands where the gradi-
ent is almost nil, only the finest of particles are
still held in suspension. Finally, even these are
deposited at the river mouth forming fine-grained
deltas. The flood plains of the Mississippi and Nile
Rivers, their deltas, and fan-shaped deposits where
streams slowed down on leaving precipitous moun-
tains, are examples of alluvial soils.

Marine soils are formed from materials carried
into the seas by streams and by material eroded
from the beaches by wave and tidal action. Part of
the material is carried out and deposited in deep
water and part is heaped up on beaches along the
coast. The continual back and forth motion of
sand on a beach is a very effective sorting agent
which causes most beach soils to consist of sand and
gravel deposits of fairly uniform grain size. Soil
deposits from the Old Permian Seas that once
covered Kansas and the Midwest are typical of
marine soils deposited away from a coastline.

Lacustrine soils, the third subdivision of the
waterborne soils, are deposits found in and around
fresh water lakes. Generally speaking, these are
fine-grained soils resulting from the deposition of
material brought into the lake by small streams
and rivers. :

Aeolian sotls are composed of grains that have
been transported by the wind. Sand deposited by
the wind is called a dune; and finer particles,
which are generally carried further, are deposited
into formations known as loess. Dune deposits sel-
dom contain gravel (particles of pea size and
larger) and are usually of uniform grain size.
Loess has the unique ability to stand in nearly
vertical walls because of its vertical drainage char-
acteristics. It is a buff to yellowish-brown loam
found throughout the gulf coast and the lower
Mississippi River region.

Glactal soils consist of materials carried with or
upon an advancing ice sheet or those materials
pushed ahcad of it. As glaciers melt, deposits

of various physiographic forms occur such as’

moraines, kame terraces, eskers, and outwash
plains. Moraines consist of mixtures of unstratified
boulders, gravels, sands, and clays which are
called till. Other forms of glacial deposits consist
of somewhat stratified and partly sorted stream
gravels, sands, and fines transported outward from
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the glacier by streams during the period of melt-
ing.

Colluvial soils are mixed deposits of rock frag-
ments and soil material that accumulate at the base
of steep slopes through the influence of gravity.
Colluvial soils also include soil ereep and local
wash deposits.

Clay is a term applied to a natural, fine-grained
mineral which develops plasticity when mixed
with limited amounts of water. Like most soils, it
consists primarily of decomposed igneous and
metamorphic rock. In terms of particle size, how-
ever, it is considered comprised of the smallest
sized particles that exist in soils (about 2 microns
is upper limit).

Clays are generally considered composed of ex-
tremely small erystalline particles of one or more
members of a small group of minerals that have
come to be known as clay minerals. These are
essentially hydrous aluminum silicates with mag-
nesium or iron substituting wholly or in part for
the aluminum in some minerals and with alkalies
or alkaline earths present as essential constituents
in some of them. Some clays are composed of a
single clay mineral, but in many there is a mixture
of them. In addition to the clay minerals, clay soils
contain varying amounts of nonclay minerals of
which quartz, calcite, felspar, and pyrite are im-
portant examples. Also, many clay soils contain
organic matter in water soluble salts. The mineral-
ogy of clay is beyond the scope of this handhook
and many references exist on the subject (Refs.
33 to 35).

The important point to be remembered is that
the plasticity of a soil is the result of the action
of water on the clay minerals present. It permits
the soil to be remolded without erumbling or rup-
turing. Plasticity is considered a colloidal property
sinece no mineral possesses plasticity unless it con-
sists of particles of colloidal or clay size. Even
then, many minerals do not develop plasticity re-
gardless of how small their particles are. On the
other hand, all clay minerals are plastic; and, since
practically all fine-grained soils contain some clay
minerals, most fine-grained soils are plastic.

The engineering properties of soils depend
upon four physical properties that all soils pos-
sess; namely, particle size, particle shape, grada-
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tion of particles, and moisture content. These are
discussed in some detail in Chapter 7 along with
a discussion of soil classification systems. In gen-
eral, it can be stated that soil strength depends
upon soil density; coarse-grained soils have greater
density than fine-grained soils if there is sufficient
gradation of particles to fill all the voids. Angular
soil particles impart greater strength to the soils
than do round particles. Furthermore, coarse-
grained soils are less affected by water than fine-
grained soils since the larger voids will drain more
eagily and ecapillarity is no problem. Secondly,
since the particles in sandy and gravelly soils are
relatively large (in comparison with silt and clay
particles), they are heavy in comparison with the
weight of water that surround them. On the other
hand, the small, sometimes macroscopie, particles
of fine-grained soil weigh so little that the water
within the voids has considerable effect on them.
PFine-grained clay soils may have different prop-
erties at different moisture content. A given clay
may act as a liquid mud, a remoldable plastic, or
crumble, depending only upon the amount of water
it contains.

2-10.2.2 Effect of Vegetation

For purposes of this discussion, vegetation ig
divided into three categories:

(a) low growing vegetation less than 3 feet tall,

(b) brush or tall grass more than 3 feet tall,
and

{c¢) trees and forest.

Low growing vegetation that is less than 3 feet
tall has no significant effect on the movement of
vehicles except where it may obscure obstacles,
such as large boulders, stumps, large logs, or
ditches.

The mat that is formed by grassy sod tends to
strengthen the surface of weak soils, but this
strengthening is of very little consequence ex-
cept in the case of very light vehicles making only
single passes over the ground. In general, military
vehicles are so heavy that they quickly cut through
the sod if the soil below is weak. For this reason
the vehicle designer should place no value on the
strengthening effects of sod. Sod may be a handi-
cap by presenting a slippery surface to wheels or
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tracks, This often causes trouble, particularly
if the slope is steep. In some locales of low vege-
tation, unusual difficulties may arise such as tire
punctures caused by cacti needles in certain desert
areas.

Brush or tall grass that is more than 3 feet
tall affects ecross-country mobility by impairing
the vigibility of drivers of wheeled and tracked
vehicles and by obscuring obstacles, such as stumps
boulders, logs, or ditches. The movement of wheeled
vehicles is impeded considerably by tall, thick
brush and may immobilize them completely.
Tracked vehicles experience little or no deterring
effects from tall, thick brush. In faet, brush may
enhance conditions for tracked vehicles by spread-
ing the load over a greater ground area,

Trees and forested areas have the greatest effect,
where vegetation is concerned, on cross-country
movement of vehicles. Trees with trunk diameters
less than 3 inches are only a slight hindrance to
tanks and most tracked vehicles. The maximum
diameter of trees that it is practical for medium
tanks to push over is considered to be between 6 and
8 inches; although trees of less than 6 inches in di-
ameter may present unsuitable conditions if they
are close together. The maximum diameter of trees
considered feasible for a 2V5-ton truck to push over
is considered to be between 1 and 2 inches (Ref.
36).

Larger trees than those cited can be pushed
over under suitable circumstances. The species
of the tree, nature of its root system, soil condi-
tions, and height of the tree are all factors that
must be considered. But the capability of pushing
over trees is not a criterion of whether a vehicle
can go. A lone tree is obviously not an obstacle
that needs pushing over, for it can be easily by-
passed. The forest, however, does present obstacles
if the trees are too close together to permit the
passage of vehicles between them. The overturning
of trees within forests can create other problems.
When several trees are pushed over, some may not
fall clear but will interlock with others to form
a new barrier. Other barriers are developed by
the protruding root systems of the overturned
trees. And, finally, the trunks of fallen trees can
present obstacles that the vehicles cannot eross.

The turning radius of vehicles determines the




minimum spacing of large trees in a forest between
which a vehicle can maneuver. For current ve-
hicles this minimum distance is considered as be-
tween 15 and 20 feet for both wheeled and tracked
vehicles. This distance includes an allowance for
turning. The width of the current main battle
tank, M60, is just under 12 feet (143 inches).

2-10.2.3 Precipitation Accumulation

2-10.2.3.1 Snow

Snow exists in many forms that vary from a
solid iey erust through granular, so-called ‘‘sugar
snow,’” to a soft plastic mass. Since it is really a
form of ice, it is a solid that is slippery by its
very nature. This characteristic is due to the fact
that ice is not a homogenous substance, but a three-
phase system in which solid, liquid, and gaseous
states coexist in thermodynamic equilibrium at a
given temperature and pressure. Any change of
pressure or temperature causes an immediate shift
in the phase composition, thus involving fluctua-
tions in the structure of the matter. Since snow
is an aggregate of ice crystals and air, the factors
which involve the phase change are particularly
active. An increase of pressure and temperature
between a sliding body and snow (or ice) will in-
variably increase the liquid phase and, thereby,
will provide the rubbing surfaces with a lubricant
which reduces the friction coefficient considerably.
This is why a ski or sled slides easily on snow or
ice. The coefficient of friction between objects slid-
ing on snow decreases as the temperature or density
of the snow, or the vertical load on the snow, in-
creases; and it increases as the velocity of sliding
increases. .

Furthermore, the mechanical properties of snow
change in response to various factors. Compres-
sion, increase in grain size, or decrease in snow
temperature all result in an increase in viscosity.
Tensile strength increases with compression and
with rising temperatures below the freezing point,
and decreases as grain size increases (Ref. 37).
There are practical limits of snow compaction, how-
ever, at different temperatures. In the temperature
range of 12° to 30°F, this compaction limit is ap-
proximately 5.6 psi. Higher compaction pressures
do not alter the snow structure as far as its density
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is concerned, in the temperature range stated.
The granular, so-called ‘‘sugar snow,’’ does not
compact under pressure. It can be compacted by
vibration, and otherwise behaves very much like
fine sand.

Snow possesses a shear strength which is a fune-
tion of pressure, time, and temperature. Within
the ranges of pressures encountered in vehicle de-
sign, the shear characteristics are very similar to
those of soil except, of course, generally much
weaker.

Thus, the effects of snow accumulation on ve-
hicle mobility are:

(a) Greater rolling resistance due to snow com-
paction.

(b) Additional resistance due to bulldozing of
snow by front of wheels or tracks and by
vehicle hull.

(¢) Reduced traction due to low shear strength
of snow,

(d) Reduced traction due to slippery charaec-
teristic of snow.

(e) Reduced steering control.

(f) Reduced resistance to lateral forces.

(g) Reduced slope climbing capabilities.

(h) Reduced braking capabilities.

2-10.2.3.2 Ice

The effect of ice accumulations on vehicle mo-
bility are similar to those of snow; however, the
increased rolling resistance encountered in deep
snow due to snow compaction and bulldozing are not
present in ice operations. The chief problems of
movement over ice stem from the low coefficient of
friction which leads to reduced tractive action,
steering and braking instability, and instability to
lateral forces.

‘When the ice consists of a relatively thin crust
over a firm base, tracks equipped with metal
grousers, or tires equipped with chains, may pene-
trate through the ice crust and obtain adequate
purchase in the soil beneath. When the ice is thick,
however, particularly when the temperature is low,
it has sufficient compressive strength to resist the
action of the grousers, and the vehicle will be
supported on the grouser edges. The only benefit
that can be obtained by the grousers in this con-
dition is from the scarifying action that they
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may have upon the slick surface of the ice. Tread
surfaces must be designed to be self-cleaning, for
once the grousers become obstructed by impacted
accumulations of ice, they become ineffective.

2-10.2.3.3 Water

Precipitation of water in the form of rain and
its accumulation on the ground can affect vehicle
operation in several ways. The effect of moisture
content upon the physical characteristics of soils is
discussed in Part Two of this handbook. The con-
sideration here is the relatively sudden accumula-
tion of water on the surface of the ground (or
road) as by a sudden rainstorm.

Water acts as a lubricant, under certain condi-
tions, and as such it reduces the adhesion between
the ground-contacting elements of the vehicle and
the ground. This is particularly true in the case
of a rubber-tired wheel or a rubber-faced track
operating over a hard surface. The film of water
trapped between the two contacting surfaces de-
creases the friction coefficient appreciably. The
pressure on the liquid tends to squeeze it out of
the way, but the viscosity of the fluid and the tread
pattern influence how rapidly and how effectively
it is squeezed out.

Fresh rain results in a clear film of low vis-
cosity which is relatively easy to squeeze out. When
the water is mixed thoroughly with dirt, however,
it coats the road surface with a high-viscosity fluid
that is difficult to squeeze out. The time during
which the pressure acts on the fluid is a factor,
along with the viscosity, in determining whether
the fluid will be squeezed out completely or not.
At high speeds of locomotion, the tread bars or
lugs are not in contact with the film for a sufficient
time to allow the liquid to move out of the way.
Instead of dry adhesion, a sliding on the viscous
film will take place. Thus, the adhesion upon wet
surfaces depends upon the speed of locomotion.
This is a condition that does not exist on dry sur-
faces,

The tread pattern, too, enters into the considera-
tion. In order for the fluid to move out from
between the contacting surfaces, unobstructed
channels must be provided in the tread. These
channels, obviously, must not close under the
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weight of the vehicle, nor can they become plugged
by dirt.

Tracked vehicles equipped with rubber track
pads experience a similar loss of adhesion. Here,
the time during which the blocks are in contact
with the liquid film is of sufficient duration to per-
mit the fluid to be displaced, but the ground pres-
sure is usually too low to be effective.

2-11 CLIMATIC CONDITIONS

The climatic environment anticipated for mili-
tary vehicles operating in all parts of the world
is specified in considerable detail in AR 705-15
(Ref. 38). Operating conditions are divided into
five climatic categories; namely, intermediate, hot-
dry, warm-wet, cold, and exireme cold.

Intermediate operating conditions are those
which exist at certain times and places in the
most densely populated portions of the world and
where major military activities have taken place
in the past. All military combat and combat sup-
port materiel is required to be capable of satis-
factory performance at all times under these con-
ditions. In brief, these conditions consist of:

(a) Ambient air temperatures from —25° to
105°F,

(b) Relative humidity from 5% at 105°F to
100% at all temperatures from —25° to
85°F,

(¢) Precipitation: wind-driven rain falling
at specified rates for various time in-
tervals to a maximum of 8 inches over a
12-hr period accompanied by intermittent
winds, 35 knots and including short periods
of torrential downpour; as specified in
AR 705-15, Change 1.

(d) Snowloads of 10, 20, and 40 1b per sq ft
depending, respectively, upon whether the
equipment is portable (moved daily), tem-
porary (moved often and cleared of snow
between storms), or semipermanent (snow
not usually removed between snowfalls).

(e) Wind velocities: 45 knots for a 5-minute
period with gusts to 65 knots and, with
provision of hold-down equipment, 55 knots
for a period of 5 minutes with gusts to 85
knots.

(f) Falling snow erystals 0.05 to 20.0 mm in




size; median size ranges from 2.0 to 5.0
mm,

(g) Blowing snow erystals 0.02 to 0.9 mm in
size at wind speeds above 10 kuots. Median
particle size varies with temperature; 0.5
mm, above +14°F (—10°C) and 0.1 mm,
below the same reference temperature.

(h) Blowing sand particles of 0.01 to 1.00 mm
diameter at 156 knots or more.

(i) Blowing dust particles of 0.0001 to 0.01 mm
diameter blowing at 15 knots or greater.

The remaining four elimatic categories are less
prevalent than the intermediate condition. There-
fore, for operations in hot-dry, warm-wet, and cold
couditions, modification kits will normally be de-
veloped to permit the use of the intermediate con-
dition equipmeit. Specific equipment for the above
three areas will be designed only if modification
kits are impractical, or if such specific designs
achieve meaningful improvement. The last cate-
gory, extreme cold, oceurs only in a few places in
North America, Greenland, Siberia, and Antaretica.
However, operations here require the design of
specialized equipment, almost exclusively. For de-
tailed specifications on all categories, consult AR
705-15 (Ref. 38).

2-11.1 EFFECTS OF AMBIENT
TEMPERATURE

Ambient temperature has undesirable effects
upon the suspension system at both the upper and
lower limits of the range. In fact, the wide range
itself presents problems that would be reduced if
the total range were narrowed. For example: al-
lowances must be made for thermal expansion when
specifying clearances between running parts. This
allowanee can be applied in a manner that will
result in either a freer or a tighter fit, whichever is
the more tolerable to the functioning of the spe-
cifle design. Obviously, the greater the temperature
range, the less tolerable will be the design, at least
at one temperature limit. The situation may even
be such as to require the application of eompen-
sating devices to maintain the desired clearances
throughout the temperature range.

Certain materials, particularly compounded ma-
terials, such as lubrieants, hydraulie fluids, and
elastomers, are more effective at certain tempera-
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tures than at others. They may freeze or become
stiff under extreme cold weather conditions and
may beeome thin and even deteriorate under ex-
treme hot weather conditions. Rubber tires become
hard and even brittle under extreme cold. Rubber
tired vehicles that are parked for several hours in
extremely cold temperatures develop semipermanent
flat spots where they rested on the ground. These
disappear when the tires warm up after a few miles
of operation but cause a rough ride in the mean-
time.

In general, the prineipal effects of high ambient
temperatures can be suminarized as: (a) thermal
aging resulting in oxidation, struetural change, and
chemical reactions of seusitive materials; (b) a
softening, melting, and sublimation of materials;
(e) viscosity reduction and evaporation; and (d)
physical cxpansion of materials. These effects may
lead to such failures as: insulation failures, al-
teration of electrical properties, structural failures,
loss of lubrication properties, increased mechanical
stresses, and increased wear on moving parts. The
prineipal effects of low ambient temperatures are:
inereased viscosity and solidification of liquids,
hydraulie fluids, and lubricants; ice formation ; em-
brittlement ; and physical contractions. These may
lead to such failures as: loss of lubrication proper-
ties, alteration of electrical properties, loss of me-
chanieal strength, cracking and sudden fracture,
structural failure, and increased wear on moving
parts.

2-11.2 EFFECTS OF HUMIDITY

The prineipal effects of humidity are the ab-
sorption of moisture by certain materials, which
may lead to the swelling of parts and to chemical
reactions, such as corrosion and eclectrolysis (elec-
trolytic corrosion). These typical effects may lead
to the physical breakdown of parts, malfunctioning
of parts, loss of electrical strength, and the loss
of mechanical strength. Low humidity produces
desiccation which leads to embrittleinent and granu-
lation. These may cause such failures as loss of
mechanieal strength, alteration of electrical prop-
erties, and struectural collapse.

High temperature combined with humidity
tends to increase the deteriorating effects of hu-
midity, Low temperature combined with humidity
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results in moisture condensation and, if the tem-
perature is low enough, in the formation of frost
or ice.

Sand and dust have a natural affinity for water.
Therefore, a combination of high humidity with
sand or dust increases deterioration of parts due
to abrasion and wear.

2-11.3 EFFECTS OF WIND

The principal effects of wind upon the suspen-
sion system are those associated with the deposi-
tion of abrasive particles such as sand, dust, snow,
and ice crystals. These result in mechanical inter-
ference between moving parts, clogging of cooling
passages, contamination of lubricants, and a gen-
eral acceleration of abrasion and wear of com-
ponents. Sealing requirements are more difficult
in the presence of wind-driven abrasive materials.

Heat loss is accelerated in the presence of wind
due to the wind-chill factor. In conjunction with
high humidity or rain, heat loss is further increased
due to evaporative cooling, This accelerates the
low temperature effects discussed in paragraph
2-11.1.

2-11.4 EFFECTS OF PRECIPITATION

Effects of accumulated precipitation of snow,
ice, and water are discussed in paragraph 2.10.2.3.
Direct effects upon the suspension system are ac-
celerated abrasion effects caused by snow and ice
crystals, particularly if wind-driven; accelerated
low temperature effects caused by evaporative cool-
ing of rain; and increased corrosion due to the re-
moval of protective coatings by the abrasive action
of snow and ice and by the dissolving and washing
action of rain. In addition, rain enhances chemical
reactions, thus also accelerating corrosion, and
tends to dilute and wash away lubricants.

2.12 COMBAT CONDITIONS

2-12,1 HEAT BEYOND THE AMBIENT

Combat operations impose additional environ-
mental requirements not normally encountered.
Among these are temperatures considerably higher
than those of the ambient, such as may be experi-
enced within the sphere of influence of nuclear
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detonations and in, or at close proximity to,
flames.

In a nuclear explosion, approximately one-third
of the total energy yield is emitted from the fire-
ball as thermal radiation. This enormous amount
of energy liberated results in temperatures within
the fireball estimated at tens of millions of degrees.
For an air burst at altitudes below 50,000 ft, the
thermal radiation is emitted in two pulses. The
first, which is quite short, carries about 1 percent
of the total radiant energy; the second, which is
much more significant, is of considerably longer
duration. The duration of the effective thermal
pulse increases with the energy yield of the ex-
plosion. Thus, the pulse duration from a 10 mega-
ton air burst is about 30 seconds, while from a
1 kiloton explosion it is roughly 0.3 second. The
pulse characteristics and duration of explosions
at higher altitudes change so that, at altitudes
above about 100,000 ft, there is only one effective
pulse and its duration is of the order of a second
or less for explosions in the megaton range (Ref.
40).

The damage effect of this nuclear thermal radia-
tion is in the ignition of combustible materials.
The extent of thermal damage increases with the
yield of the weapon and decreases as the distance
from the burst increases.

When thermal radiation falls upon any ma-
terial a part may be reflected, 2 part may be ab-
sorbed, and a part may pass through the material
to ultimately fall upon other material. The por-
tion of the radiant energy that is absorbed is trans-
formed into heat; and it is this portion, only, which
produces damage to the material.

The extent or fraction of the incident radiation
that is absorbed depends upon the color and sur-
face characteristics of the material. Light colors,
highly reflective surfaces, and transparent sub-
stances do not absorb much of the radiation. Thin
materials will transmit a large proportion of the
radiation falling upon it and, thus, will escape
serious damage. On the other hand, black or dark
colored materials and rough or dull surfaces will
absorb a greater proportion of the radiant energy.
A light-colored material that chars readily in the
early stages of exposure, however, will react es-




sentially as a black substance irrespective of its
original color.

‘Whether the suspension system will be seriously
affected by this thermal radiation will depend upon
the yield of the weapon, the distance to the detona-
tion, and the duration of the pulse. The most
vulnerable components are the tires (of both
wheeled and tracked vehiecles), rubber and fabric
track components, seals, hydraulic fluids, and
lubricants. 1f affected at all, these may either burn
or become degraded by the intense heat. A secon-
dary effect may take place in the form of a vehiele
fire. This may occur through an initial kindling
by the radiant pulse of such things as a fabric ve-
hicle top, upholstery, or spilled liquid fuels or
lubricants. Ouce kindled, the fire may spread to
the fuel tank or ammunition storage, and the
entire vehicle may become involved. The resulting
conflagration will destroy seals, evaporate hydraul-
ic fluids, burn away lubricants, destroy rubber
tires and rubber track pads, and may seriously
affect the strength of structural components and
the spring characteristics of the suspension system
by degrading the physical properties of the metals
used.

Flame-spewing weapons, such as rocket launch-
ers and flame throwers, that are mounted on ve-
hicles produce considerable heat when they are
fired. It is, therefore, necessary to shield vulner-
able components from this intense heat.

2-12.2 EXTERNAL FORCES

2-12.2.1 Recoil of Weapons

The external forces to which vehicles may be
subjected in a combat environment are many and
varied. Perhaps the first to come to mind are those
produced by the recoil of weapons fired from the
vehicle. The chief among these, of course, are the
large caliber guns that constitute the main arma-
ment of self-propelled artillery, tanks, and self-
propelled antiaireraft artillery; but weapons of
smaller caliber, particularly rapid firing automatic
weapons, also subject the vehicles upon which they
are mounted to shock and vibratory loads.

Recoil forces are transmitted through the weap-
on mounting to the vehicle structure, and thence
to the suspension system. The springs and shock
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absorbers help to attenuate this recoil. Some ve-
hicles are equipped with suspension lock-out pro-
visions, the effect of which is to add the unsprung
mass to the sprung mass of the vehicle. This re-
sults in a more stable gun platform permitting a
faster and more accurate delivery of fires.

Weapon recoil forces can be calculated by the
application of well established methods of dy-
namics and are confirmed by test firing. The pro-
cedure is an application of the principle of the
conservation of momentum. The momentum (mass
times veloeity) of the projectile plus the mo-
mentum of the propelling gases (and unburned
powder) are equated to the momentum of the
recoiling parts as they move in a direction oppo-
site that of the projectile.

MV, + M)V, = M,V, (2-6)

The velocity of the recoiling parts V, can be de-
termined as:
MV, + MV,

V,= A

(2-6a)
where the symbols M and V represent mass and
velocity, and the subseripts p, ¢, and r represent
the projectile, gases, and recoiling parts, respec-
tively.

Once the velocity of the recoiling parts is
determined, and knowing the length of the recoil
stroke, L,, the duration of the recoil can be caleu-
lated from

(2-7)

Most recoil mechanisms are designed to give
a constant resistive force throughout their working
stroke. This force can be determined by equating
the momentum of the recoiling parts to the im-
pulse it produces on the trunnion mounting.

MYV, =F.i, (2-8)
from which
P = —M;V’ (2-8a)

A more detailed procedure for determining
weapon recoil forces is given in Ref. 41. Recoil
forces developed by 50-caliber and 20-mm weapons
are given in Ref. 42. Weapon characteristics and
the internal ballistics of the ammunition used must
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be known before their effects upon the suspension
system cau be evaluated accurately. Consideration
must also be given to firing at different angles of
elevation and azimuth to determine the most
serious conditions affecting the suspension system.

2-12.2.2 Impact of Obstacles

Violent impacts with obstacles, such as boul-
ders, logs, walls, bottoms of ditches, and the
pancakiug-down of vehicles driveu rapidly over
the brow of a hill or a parapet are quite common
in the combat environment. The magnitude of the
forees involved depends upon the speed with which
the vehicle encounters the obstacle, the size of the
obstacle relative to the vehicle wheels or track, the
rigidity of the obstacle, and the rigidity of the
suspension system.

In determining the effect of forces upon bodies,
the procedures generally used are based upon the
relationships between force and acceleration and
work and energy, and upon the assumption that
the forces act upon rigid bodies during definite
{comparatively large) intervals of time. Further-
more, when the foreces vary in magnitude during
the time period over which they act, the manner
imn which they vary is kunown, and this is incor-
porated into the mathematical procedure used.
However, forces often act for extremely short
(indefinite) periods of time during which neither
their value at auy instant nor their manuer of
variance is known. These forces are known as im-
pulsive, or impact, forces and are the type ex-
perienced by the vehicle when it encounters the
types of obstacles mentioned.

Impact foreces produce extremely high pressures
on the bodies upon which they act, resulting in
appreciable deformations which make it incorrect
to assume the bodies to be rigid. In most cases, the
effect of impulsive forces on the motion of bodies
is so great in comparison with the effect of the other
forces that may be acting that the effect of the
other forces on the motion of the body, while the
impulse lasts, may be neglected. The only details
of the change in the motion of a body that can be
determined, when the change is caused by an im-
pulsive force, are the initial and final velocities of
the body. The distance traveled during the impact
is indefinitely small, the time interval is also in-
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definitely small; and hence, the acceleration pro-
duced is indefinitely large, since the change in
velocity is a finite amount. Thus, the distance,
time, and acceleration factors are indeterminate,
There is, however, a definite (appreciable) change
in velocity; although the manner in which the
velocity changed during the interval of impact is
unknown, and only the initial and final velocities
can be determined. Therefore, the momentum
(mass times velocity) of the body at the beginning
and end of the impact period are definite quanti-
ties. Since these quantities are involved in the
principles of impulse and momentum, problems
which involve impact forces yield to this method
of solution. Numerous text references are available
that cover this subject (Refs. 45-49). The princi-
ples are summarized in the following equations:

SF, At = M(v,, — vg) (2-9)
U7, At = I,(0y — &) (2-10)

z = displacement in any direction, ft.
F, = force component in a given direction,
z, 1b
At = duration of the impact, sec
M = mass of the body concerned, 1b-sec?/ft
Vzy, Uz, = final and initial velocities of the body
in the direction, x, fps
T, = turning moment about an axis, 0, ft-1b
I, = mass moment of inertia of the body
about axis, 0, ft-lb-sec?
wy, w3 — final and initial angular velocities of
the body, rad/sec

The left-hand part of Equation 2-9 is the z-
component of the linear impulse of the external
force system acting on the body, and the right-
hand member is the change in momentum of the
body in the z direction. Similarly, in Equation
2-10, the left-hand member is the moment of the
impulse (angular impulse) about the axis of rota-
tion of the force system acting on the body; and
the right-hand member is the change in the mo-
ment of the momentum (angular momentum) of
the body with respect to the axis of rotation. These
basic equations can be used to evaluate the impact
forces resulting from the vehicle encountering
obstacles.
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Figure 2-26. Forces on Wheel Striking Obstacle

The following illustrates the procedure as ap-
plied to a wheel encountering an abrupt bump in
its path. Figure 2-26 shows the forces acting on
the wheel at the instant of impact. Applying the
principles given in Equation 2-9 we have

—F At =M (v;y, — sy ) (2-11)

The magnitude of vz = v; and only the direction
has changes, therefore

'vz'l = U1
Vg, = ¥; COs ©
At = 2_—_ L1
W V1

and substituting these in Equation 2-11 results in

_ Mvi*(cos® —1)

Fe= RO

(2-12)

Similarly from the principles of Equation 2-9
SF,At = M(v,, — v,) (2-13)
Uy, =0
vy, = v;sin ©
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Substituting these values in Equation 2-13 and add-
ing the forces acting along the y-axis results in

(F,— W —ky) At =M(v;8in ® —0) (2-14)
substituting At :%g and solving for F,
1
. Muv2sin ©
Fy=—pg — +WHhky (215

The last two terms on the right-hand side of Equa-
tion 2-15 represent the weight of the wheel assem-
bly and the downward force developed by the
spring system as the wheel rises over the obstacle,
respectively, These two forces, particularly the
former, are often omitted, because their contribu-
tion to the total impact force is minor in compari-
son to that of the first term. The ky term may or
may not be significant depending upon the spring
rate (or k factor). The following sample calcula-
tion illustrates this.

The total force F experienced by the wheel in
going over the bump is the resultant of the two
components, F, and F,, or

F=VFIFfFS (2-16)

Sample Calculation

Consider a tracked vehicle with 25-inch diam-
eter road wheels moving at 30 mph when it en-
counters an abrupt bump 5 inches high. If the
effective weight of the dual road wheel, tire, and
road wheel arm assembly is 700 lb and the spring
rate at the wheel of the torsion bar suspension
spring is 1,800 1b per inch of deflection, calculate
the impact force experienced by a front road
wheel. (The impact loads are more severe on the
leading road wheels because the action of the track
tension to distribute the shock to adjacent wheels
does not affect the leading wheels.) If we use Fig-
ure 2-26 as a refercnce and the same symbols as
have been used thus far, the following is known

W =700 1b
w 5
M= e = 21.7 Ib-sec?/ft
I, = 12.7 ft-1b-sec?
R — 13 inches (= 1.08 ft)
k= 1,800 Ib/inch (= 21,600 lb/ft)
= 5 inches (= 0.417 ft)
v; = 30 mph (=44 fps)
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(B—y)
R
= 0.9076 rad

O — arc cos = arec cos 0.61538 = 52°

Substituting the appropriate values in Equations
2-12, 2.15, and 2-16 and solving, we find

21.7 X 44% (0.61538 — 1)

Fe=— 1.08 X 0.9076 (2-17)
— 16,485 b
217 X 44° X 0.78823 )
=708 x 09076 + 700 +1800 X5
(2-18)
— 33,114 4 700 -t 9,000
— 49,814 1b
F = /16,4857 1 42818 (2-19)

= 45,878 1b

This is equivalent to a shock of over 65 g. Equa-
tion 2-18 illustrates the relative importance of the
three terms. In this case, the magnitude of the
last term is appreciable, and the second term is
negligible. The designer must exercise engineer-
ing judgment in deciding whether terms should be
omitted or not.

2-12.2.3 Ballistic Impacts

Ballistic impacts, i.e., impacts by projectiles
and large fragments, are unique to the battlefield.
Their severity depends upon the mass and velocity
of the missile at the time of impact, upon the re-
sistance offered by the surface that is struck, and
upon the mass of the vehicle. In general, ballistic
impacts against the vehicle are not a serious con-
sideration when evaluating the loads experienced
by the suspension system as Case II of the follow-
ing Sample Calculations demonstrates. The mo-
mentum of the missile is easily absorbed by the
mass of most combat vehicles; and thin-skinned
vehicles, such as trucks, are easily pierced by the
projectile, and thus, do not produce a sufficient
change of momentum of the projectile to experi-
ence a serions loading of the suspension system.

The most serious effects of ballistic impacts
are the direct damage they can inflict to suspension
components. Pneumatic tires can be punctured;
wheels, hubs, driving sprockets and idlers can be
broken; tracks can be damaged or dislodged
from sprockets or guides; and spring and shock
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absorber systems can be damaged. These com-
ponents, however, are not generally protected—
to do so effectively would greatly penalize the
design from a weight and usable space standpeint.

The average force of the impact against a
component can be calculated with reasonable aec-
curacy by applying the principles of impulse and
momentum discussed in paragraph 2-12.22. The
mass of the projectile and its velocity with respect
to the vehicle before and after the impact must
be known; and by applying Equation 2-9, the
magnitude of the impact FAt can be calculated.
The units of immpact are pound-seconds, since im-
pact is a force acting for an interval of time. The
average foree of the impact can be found by divid-
ing the value of the impact by the time interval At
either measured, caleulated, or assumed.

Sample Calculation—Case I

Consider the requirement of determining the
average force experienced by the housing of a
hydrauliec shoek absorber when it is struck by a 50-
caliber round of ball ammunition. We will assume
(a) a normal impact, (b) the projectile mush-
roomed against the housing and fell to the ground,
(¢) the velocity of the projectile at the time of im-
nact was 2200 ft per sec, and (d) the weight of the
projectile was 114 oz. Using the same symbols as
in Equation 2-9 we can write the following:

1.25
b= —— 2200 = 5,338 1b-
FAt 16 % 32.2 X 220 5,338 1b-sec
and assuming At = 5 msec
5.338
e = 7
o005 - 1067 Tb

Sample Calculation—Case II

Consider now the impaet of a 12-lb hyper-
velocity projectile against the side of a medium
tank. Assume that the path of the projectile is
horizontal and its velocity vy is 3,000 ft per sec
just prior to the impact and that it ricochets up-
ward at an angle of 45° to its original path with
a departing velocity v, of 1,000 ft per second. As-
sume further that the point of impact on the tank
is 8 ft above and 4 ft to one side of the vehicle’s
roll center, the tread width of the vehicle is 10 ft,
the spring rate at the road wheels of the suspension




system is 1,800 1b per inch of vertical deflection per
road wheel, and the vehicle has six road wheels on
each side. Let it be required to determine the effect
of this impact upon the suspension system.

Again applying the principles of impulse and
momentum, we know that the change of momentum
experienced by the projectile results in an impulse
(or impact) against the vehicle. Since this im-
pulse oceurs at some perpendicular distance from
the roll center, it has an effective moment arm and,
therefore, is an angular impulse which imparts an
angular momentum to the sprung mass about the
roll center. As the sprung mass begins to rotate
about the roll center, one side of the suspension
system experiences an increasing load while the
other side experiences a corresponding load de-
crease. The couple thus developed is an angular im-
pulse than counteracts the angular momentum of
the sprung mass and returns it to its original posi-
tion.

Figure 2-27 is a free body diagram showing
the forces acting on a simplified representation
of the vehicle. Again applying the principles of
Equation 2-9 to the projectile and Equation 2-10
to the sprung mass of the vehicle we can write the
following

SFA = My(v — vs,) (2-20)
SP,At = My(0— v2) (2-21)
NT,At = 1,(0 — o) (2-22)

where
M, — mass of the projectile
Aty = duration of the impact
I, = mass moment of inertia of the sprung
mass about the roll center.

Subseripts 1 and 2 designate conditions just prior
to and immediately after impact, respectively. Sub-
scripts £ and y designate components along the
z- and y-axes; for dimsions of terms, see para-
graph 2-12.22,

Equation 2-22 can be written as

H(F.Al) — B(F,At) = Lo,  (2:23)

where I and B are the distances indicated in
Figure 2-27. Substituting from Equations 2-20
and 2-21, we find the angular momentum” of the
sprung mass about the roll center is
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Figure 2-27. Effect of Boallistic Impact
Iw?=—=M, [H(q;l —vs,) — Bv%] (2-24)

If F, represents the total change in load experi-
enced by one side of the suspension system (in--
creased load on one side and decreased on the
other), the restoring couple is

Tr=2DF, (2-25)

and the angular impulse experienced by the sus-
pension system in absorbing the angular momen-
tum of the sprung mass is

TRAt2 =2 DFsAt2 (2-26)

where Aty is the duration of the angular impulse.
Equating Equations 2-24 and 2-26, F, can be eval-
nated as

M, [H(vy —v.,) — Bus, | (2:27)

Fo=
2D Ats

The term At will be one-quarter of the natural
period of the suspension system. Since vehicles are
usually designed to have a natural frequency of
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between 1 and 2 eps, Ate will be between 14 and 1%
see, If 14 see is used, Equation 2-27 becomes

2M,

F,= D

[H(» — ) — Bow,] (2:28)

This analysis is not rigorous in that it assumes
that the spring rate ‘of all road wheels is the same
and that the effect of the lateral impact will be
distributed uniformly to all road wheels. If a more
exact solution is required, the basic Equation 2-27
can be readily modified.

The application of Equation 2-28 to our hy-
pothetical ballistic impacet problem results in the
following :

2% 12

P, = W[ 8(3,000 — 0.707 X 1,000)

— 4 % 0.707 X 1,000 ]

=23121b
(2-29)

This is obviously a negligible load, especially since
it is divided among six road wheels and their
suspension systems. If the assumption were made
that the projectile did not ricochet and all of its
momentum was transferred to the vehicle, Equa-
tion 2-29 would have been

2 X 12 X 8 X 3,000

Fo=—""g39%5
= 3,578 1b (still quite negligible)

The angle of roll, ¢, can be easily evaluated as
follows:

— F&

=Dk (2-30)
_ 2,312
T 5 X 1,800 X 12

= 0.0214 rad = 1.2°

2-12.2.4 High Energy Blast

High energy blast is another consideration that
is unique in the combat environment. Its effect on
the suspension system can result in serious damage
to components. Wheels, tracks, and tires can be
blown off; suspension linkages can be damaged,
misaligned, or destroyed; and hydrauliec or pneu-
matic cylinders and shock absorbers can also be
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destroyed. llere too, siuce protective measures
would exact an unacceptable price if really effec-
tive, very little is done to prevent this damage.
A certain degree of resistance to blast is achieved
through the selection of high strength materials
and through the application of design techniques
aimed at the development of rugged components.
In general, when the suspension system is designed
to funection satisfactorily in its primary role on the
battlefield, it will possess considerable inherent
resistance to high energy explosives,

2-12.2.5 Shocks Encountered During Airdrop

Shocks experienced by vehicles during an air-
drop are of three types; namely, the snatch force,
the opening shock, and ground impact shock. The
snatch force occurs at the instant the parachute
suspension lines are fully deployed and just prior
to the inflation of the canopy. It arises from the
comparatively rapid deceleration of the deploying
parachute in relation to the slow deceleration of
the suspended load. Thus a differential velocity
exists which is brought to zero when the lines
become fully extended—hence the shock. The snatch
force shock precedes the opening shock by any-
where between 0.1 to 1.0 see. At high aircraft
speeds, particularly where modern canopy designs
are used, snatch force shocks can exceed opening
shock. Furthermore, opening shocks can be re-
duced through the application of special reefing,
venting, and c¢ollapsing techniques to the parachute.
Snatch forees, however, are muech more difficult to
control and will become the limiting factor in
future airdrop operations (Ref. 43). A method for
calculating the snatch foree is given in Refs. 43
and 44. The same references give methods for
caleulating opening shocks; although, for the rea-
sons mentioned previously, opening shock is gen-
erally not of primary importance where modern
canopies are employed.

Landing shock is quite another matter. The
objective of aerial delivery systems is to get the
material being delivered to the ground in the least
possible time without damage, so as to achieve
maximum drop aceuracy, minimum dispersion of
dropped loads, and with minimum effeet of wind
drift. In addition, speed minimizes the time dur-
ing which the aireraft is vulnerable to enemy fire




and reduces the chances of the enemy pinpointing
the drop zone. Thus, the ideal aerial delivery sys-
tem would dispense with all deccleration devices,
such as parachute cauopies or retro-rockets, and
would be capable of absorbing all of the landing
shock on impact. Since such a system is not fea-
sible for bulky or heavy cargoes, an acceptable
compromise is employed which combines a para-
chute canopy, which gives a degrec of deceleration,
with shock-absorbing devices that absorb the energy
of impact. Most acrial delivering systems are de-
siened to attain a rate of descent of about 25 ft
per sce. This is varied somewhat in accordance
with the fragility of the cargo, the requirements of
the tactical situation, and the efficiency of the im-
pact absorption systemn used. Ground impact forces
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of up to 100 ¢ have been measured on cargo plat.-
forms descending at approximately 30 ft per sec.
Vehicle suspension systeins are not generally
designed to withstand impacts of this magnitude.
Therefore, when vehicles are made ready for air-
drop, suitable blocks and lashings are employed to
completely immobilize the suspension system and
to isolate it from landing shocks. Otherwise, sus-
pension system components (tires, wheels, wheel
rims, bearings, axle housings, bump stops), and
even the vehicle frame or body, may suffer serious
damage unless designed for these loads. With
proper rigging and shock absorption techniques
employed, the airdropped vehicle will still ex-
perience a landing shock of approximately 16 g.

SECTION IV MILITARY CHARACTERISTICS

2-13 DEFINITION

The general term ‘‘military characteristics”’
refers to those physical and operational features of
equipment which determine its ability to perform
desired military functions. In engiueering circles
concerned with the development of new and im-
proved items of military equipment, Military Char-
acteristics (MC's) is the designation given to an
official Department of the Army doecument that
specifies the physical and operational requirements
desired of an item of materiel that is to be devel-
oped. These requirements are given in general,
nountechnical terms that indicate the physical and
operational characteristics desired but do not give
technical specifications.

2-14 DEVELOPMENT

The initiation c¢f the development of a new
item of materiel for the Army begins with a state-
ment of a military requirement. This statement
nay originate anywhere in the military or civilian
society where a specific need is first recognized. 1t
is chauneled through appropriate military agencies
where the requirement is appraised in the light of
the budget, anticipated military situation, antiei-
pated enemy capabilities, current and anticipated

technolegical capabilities, logistical and troop
training implications, and compatibility with cur-
rent and future materiel, tactical doctrine, tri-
partite, Navy, Air Force, and Marine Corps devel-
opment activities, and treaty agreements with allied
nations. This comprehensive appraisal of the orig-
inal requirement results in either a rejection or in
an official statement, approved by the Department
of the Army, expressing a military need for the
development of the new materiel. Objectives, re-
quirements, and specifications are given in only the
most general terms, at this time, since the feasi-
bility of the requirements has not been adequately
determined.

Following the issuance of this official statement
of need, various using agencies, technical services,
and field agencies conduct comprehensive studies
to determine the feasibility of the general concept
and to establish the essential and also the desired
requirements of the new equipment. These activi-
ties eventually culminate in the formulation and
issue of the approved Military Characteristics for
the required item. A detailed explanation of the
preliminary steps that are involved in the prepara-
tion of the MC’s and the agencies responsible for
these steps are given in Refs. 50, 51, and 52.
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2-15 NONTECHNICAL NATURE OF MC’S

It has already been stated that the requirements
enumerated in the Military Characteristics are
given in general, nontechnical terms that indicate
the desired physical and operational characteris-
tics but are not given as technical specifications
that can be applied directly in the construction of
a prototype. This is done for several reasons. It
allows the designer maximum leeway as to the pos-
sible courses his design may take and it allows
different design groups to pursue different design
courses. The result is more than one solution to
the overall requirement, permitting the different
approaches to be evaluated with respect to each
other to determine which is the most desirable.
Furthermore, although various technical agencies
were involved in the preparation of the MC's,
their primary concern was the verification of the
statement of need, a determination of the physical
and operational requirements that must be met by
the new equipment in order to fulfill the recog-
nized need, and a general consideration as to the
feasibility and practicability of the overall con-
cept. The primary concern of the designer is to
determine the best utilization of space, materials,
equipment, techniques, and dollars to meet the
requirements of the Military Characteristics. Thus,
at least in theory, his design should be more fea-
sible, more practicable, and more economical than
the preliminary concept evaluated by the agencies
that developed the MC’s.

2-16 FORMAT AND CONTENTS

Military Characteristics are prepared in ac-
cordance with a standard format given in Appen-
dix ITI of AR 705-5 (Ref. 51). The information
and requirements are grouped into four categories
or sections. Section [ presents a general statement
of the requirement of the equipment desired; a
brief narrative of the operational and organiza-
tional concepts planned for the desired equipment;
information regarding Navy, Air Force, Marine
Jorps, and Allied interests or developmental ac-
tivities on a similar item; a statement relative to
the feasibility of the development ; and background
information covering such items as relevant knowl-
edge gained from past experiences, related equip-
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ment, industrial capabilities, possible parallel ap-
proaches, and personnel implications.

Section II of the MC’s deals with the opera-
tional characteristics of the equipment to be de-
veloped. It defines and describes the general
configuration and classification of the materiel that
is required, e.g., ‘‘a highly mobile and maneuver-
able, cargo carrying type of wheeled vehicle.”” The
crew and cargo space requirements are stated, and
any contemplated alternate uses of the desired
materiel that are to be considered in the develop-
ment of the overall configuration are indicated.
For example, the proposed cargo carrier in the
foregoing illustration might be also considered
for alternate functions as a wrecker, missile launch-
er or transporter, self-propelled carriage for ar-
tillery, or a self-propelled van for electronic equip-
ment. Limits of overall size and weight are speeci-
fied as are the method of operation and required
performance characteristics along with specifica-
tions on transportability, durability, reliability,
vulnerability, and maintenance requirements. The
latter includes specifications regarding in-storage
maintenance as well as the degree of maintenance
to be performed by the user, the expendability of
the components, and the ease of maintenance re-
quired., As guidance for the designer in making
trade-off decisions during the development of the
design, an indication is usually given of the rela-
tive importance of the requirements listed. This
is usually done by indicating the various require-
ments as ‘‘essential’’ or ‘‘desirable.”’

Section III of the Military Characteristics
deals with various associate considerations; such
as modifications to or development of associate
equipment that will become necessary as a result
of the new device or equipment (includes training
aids) ; consideration relating to special require-
ments of nuclear, bacteriological, and chemical war-
ware ; safety criteria; a recommended priority of
development ; special time considerations if perti-
nent; and the remarks of other interested agencies
that may have a bearing upon the subject.

Section IV of the MC’s gives an order of pri-
ority to the major characteristics. Since most de-
sign is a process of compromise in which the de-
signer must forfeit the attainment of certain ends
for the attainment of others that are not compat-




ible, this section gives him guidance in deciding
which features should receive design emphasis.
Furthermore, the cost of producing an cnd item,
though not as important a factor in the production
of military matericl as in the production of com-
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mercial materiel, must be within an acceptable
range. Thus, information regarding an acceptable
eud item unit cost is often included in Section IV
of the Military Characteristics as a development
objective.

SECTION V DESIGNING FOR MAINTENANCE

2-17 CATEGORIES AND ECHELONS
OF MAINTENANCE

The maiutenance coneept approved by the U. S.
Army is given in AR 750-1 (Ref. 53). The term
maintenauce, as it is used by the Armed Foreces, is
all action taken to retain materiel in a serviccable
conditionn or to restore materiel to serviceability.
This includes such actions as iuspecting, testing,
servicing, classifying as to serviceability, repair-
ing, overhauling, rebuilding, modifyiug, and mod-
ernizing. Maintenance is divided into four imajor
categories; namnely, organizational, direet support,
general support, and depot maintenance. These
divisions result in maintenance strata that relate
the difficulty of the maintenance tasks to the skills
of the personnel performing the maintenance and
to the facilities available at each level.

Organizational maintenance is that maintenance
which is authorized for, performed by, and the
respousibility of a using organization on its own
cquipment. Normally, this mnaintenance consists of
inspecting, cleaning, servicing, preserving, lubri-
cating, adjusting, and the replacement of minor
parts that does not require highly technical skills.
It encompasses that degree of maintenance which
is performed by the equipment operator or the
operating crew, as prescribed by pertinent tech-
nical publications, or that can be performed by
specially trained personnel in the using organiza-
tion (organizational mechanies and technicians).

Direet support maintenance (formerly desig-
nated as third echelon of field maintenance) is that
maintenance which is authorized for and performed
by designated maintenance activities and mainte-
nance units that are in direct support of the using
organizations. Normally, this category of mainte-
nance is limited to the replacement of unserviee-
able parts or subassemblies in order to restore an

eud item (vehicle, ete.) to serviceability on a re-
turn to user basis.

General support matntenance (formerly desig-
nated as fourth echelon of field maintenance) is
that maintenance which is authorized for and per-
formed by units that are organized as permanent
or semipermanent shops to serve lower echelons of
maintenance. Normally, these units overhaul or
repair material to required maintenance standards
in a ready to issue condition.

Depot maintenance is that maintenance which
is required for the repair of nateriel that requires
a major overhaul or complete rebuilding of parts,
subassemblies, assemblies, or the end item as re-
quired.” Additional information on maintenance
respousibilities, shop operations, definition of main-
tenance terminology, and maintenance criteria are
given in Refs. 53-56.

2-18 THE DESIGN ENGINEER’S
RESPONSIBILITY

It has long been recognized that only marginal
improvements to the Army Maintenance System
can result from future improvements in operation-
al, organization, and persounel activities. The only
prospect available for an appreciable reduction in
the maintenance requirements of military vehicles
is in design and development. Design engineers,
while striving for performance, must give ade-
quate consideration to the maiutenance require-
ments and the maintainability characteristics of
their design during the equipment design phase
of the development program. Failure to do so re-
sults in costly training programs for maintenance
personnel, long equipment downtimes bhecause of
maintenance services, neglected maintenance lead-
ing to early equipment failure, and an increased
logistieal support burden during the life of the
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vehicle. Maintenance-minded design engineers
must be concerned with the following objectives:

(2) Improving the reliability of the end item
so as to reduce the need for maintenance.

(b) Reducing the frequency of cyclic preventa-
tive maintenance,

(¢) Improving and simplifying maintainability
to reduce equipment downtime.

(d) Reducing the logistical burden necessary
to support the equipment in the field.

The design engineer is the controlling factor in
determining reliability, simplicity of operation,
and ease of maintenance. These qualities can be
attained only through serious considerations of the
maintenance problem. He should acquire sufficient
information from maintenance engineers regard-
ing the capabilities and limitations of the operat-
ing and maintenance personnel that will be as-
signed to the end item of equipment, the anticipated
effects of environmental factors upon maintenance,
and what maintenance support will be available.
He should have frequent consultations with main-
tenance engineers during the design phase to assess
the maintainability of his design. The general
subject of designing for maintainability is covered
quite comprehensively in Ref. 57. Some pertinent
points that are specifically applicable to the design
of suspension systems, from this and other sources,
are given in the paragraphs which follow.

2-19 MAINTENANCE DESIGN
REQUIREMENTS

2-19.1 GENERAL MAINTENANCE
OBJECTIVES

In January 1959, the U. 8. Army Tank-Auto-
motive Center issued an official document entitled
The Maintenance Criteria for Ground Vehicles
which established certain maintenance objectives
that were to be the design goals for all agencies
engaged in the design and development of military
vehicles. Since that time, these objectives have
been approved by the Department of Defense and
incorporated in MIL-STD-1228, Maintainability
Criteria for Tank-Automotive Matertel (Ref. 56)
for mandatory use by the Departments of the
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Army, Navy, and Air Force effective 27 September
1962. These maintenance criteria are as follows:

The Design Facility shall have as [its] mainte-
nance goal that ground vehicles will accomplish the
following environment, unless otherwise directed:

{a) Wheeled, tactical vehicles: 25,000 miles
without field or depot maintenance.

(b) Tracked vehicles: 5,000 miles without field
or depot maintenance.
[Field and depot maintenance are defined
in paragraph 2-17.]

Maintenance Skill Level. The Design Facility
shall design maintenance procedures which can be
accomplished by an individual with general tenth
grade education and two years of general military
experience. .

Maintenance Manhours. The Design Facility
shall have, as a maintenance goal, that the total
scheduled and unscheduled maintenance manhours
shall be a constant ratio and not to exceed the
following, within the requirements of [a or b of
the foregoing]:

(a) Self-Propelled Wheeled Vehicles. Seven
percent (7%) of the operational hours.
The average distance negotiated by the
vehicle shall be considered to be twenty
(20) miles for each hour of operation.

(b) Self-Propelled Tracked Vehicles. Twenty
percent (20%) of the operational hours.
The average distance negotiated by the
vehicle shall be considered to be ten (10)
miles for each hour of operation.

2-19.2 MAINTENANCE DESIGN CRITERIA

The following design criteria have been ex-
tracted from MIL-STD-1228 to be considered for
incorporation into all design and development
projects where it is practical and economical to
do so:

(a)  Use of modular or throwaway components
and techniques.

(b)  Reduction in weight and quantity of parts,
components, and assemblies,

(e) Simplification of operator and maintenance
functions.

(d)  Culmination of component design prior to
its application.

(e) Increased use of standardized, pre-tested
components.

(f)  Wear-out limits defined to a degree that
shows a definite margin of performance
over the maintenance objective.




(g) Use of self-lubricating principles where
practicable.

(h)  Use of sealed and lubricated components
and assemblies where feasible.

(i) Use of built-in testing and calibration fea-
tures for major components.

(j)  Use of self-adjusting mechanisms where
feasible,

(k)  Use of gear-driven accessories to eliminate
belts and pulleys.

(h Minimum number and complexity of main-
tenance tasks (i.e, calibration, adjust-
ments, inspections, etc.).

(m) Maximum use of simple design.

(u)  Design for rapid and positive recognition
of malfunetions or marginal performance,

(0) Design for rapid and positive identification
of the replaceable defective components,
assemblies, or parts.

(p) Design to eliminate torque specifications,
at organizational level (see paragraph
2.17) and minimize need for all other
torque specifications.

(q) Design to minimize skills and training re-
quirements of maintenance persounel.

(r) Design to minimize the types and number
of tools and test equipment (both special
and standard) required to perform main-
tecnanee.

(s) Design for optimum aceessibility to all sys-
tems, equipment, and components requiring
maintenalice, inspection, removal, or re-
placeinent.

(t) Design for maximnm safety and proteetion
for persounel and equipment involved in
the performance of inaintenance.

(u) Design to minimize the net mean time re-
quired to accomplish scheduled and uu-
scheduled maintenance to assure operation
availability.

2-20 ACCESSIBILITY

Accessibility is a fundamental requirement for
maintainability and must be Qesigned into the
equipment; for adding access provisions for main-
tenance purposes after the equipment is built is
inefficient, costly, and often inadequate. Accessi-
bility is defined as the relative ease with which an
assembly component can be reached for inspection,
service, repair, or replacement. If it can be
reached quickly, requiring the usc of a few or no
tools and only a few simple steps, the item is ac-
eessible; if it requires many tools, special tools,
many or difficult operations, the item is inaccessible
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even though it is possible to eventually reach it.
After all, siuce all equipment originated through
the assembly of individual components, it can be
disassembled through a reversal of the assembly
process. This by no means constitutes accessibility,
however, as the term is used with respect to main-
tenance. Furthermore, the disassembly or removal
of parts that are in the way of easy access to a part
needing maintenance is highly undesirable, espe-
cially when done under field conditions. Adequate
space is usually not available for laying out parts
as they are removed. This increases the possibility
that they will be lost, damaged, or contaminated;
and further malfunctions will be introduced into
the system.

Inaccessibility also has psychological aspects.
The more difficult or involved a maintenance task
is, the more readily will an operator or mechanic
put it off i1 preference in less demanding tasks.
PPeriodic maintenance activities, such as checks, ad-
justments, or general troubleshooting may be un-
duly postponed or neglected entirely. Thus, inac-
cessibility is a human factors engineering prob-
lemn as well as a problem for the design engineer.

Another aspect of accessibility often overlooked
is the ‘‘whole body’’ accessibility features involved
in a particular maintenance operation. It is not
enough to provide a suitable aceess opening o a
component for the insertion of a tool, a light, a
hand, ete.; but consideration must be given to the
position of the maintenance man with respect to
the equipment while he is performing the particular
maintenance task. Can he perform the task while
stauding on the ground; does he need foot holds
and hand holds on the sides of the vehicle; is per-
haps au impossible body position required? If an
awkward body positionn eannot be avoided, can the
man exert the force necessary to accomplish the
maintenance task from the awkward position?

Does the man have visual access as well as access
for his hands or tools? The designer must deter-
mine whether it is necessary for the technician to
see what he is doing while he is doing it. If thisisa
requirement, it may be necessary to make the access
large enough to accommodate hand, arms, tools,
and still leave an adequate view; or an auxiliary
viewing port may be necessary,

Tbe environment in which maintenance tasks
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will be performed must also be considered by the
designer when determining the size of access apen-
ings. Access for a gloved or mittened hand is con-
siderably larger than for a bare hand. Similarly,
the wearing of gloves or mittens seriously limits
the dexterity and skill with which a technician can
perform his duties; certain simple tasks may be im-
possible to perform while wearing arctic mittens.
The wearing of arctic clothing, in general, creates
many problems, Men become less agile and bulkier
in arctic clothing; their hulking bodies become
wedged in narrow hatches; ponderous feet stumble
awkwardly on steps and ladders and fumble with
small, closely-spaced pedals; and awkward hands
are unable to operate intricate hand controls with
deft and precision. Anthropometric data for nor-
mally clad and arectic clad personnel can be found
in Ref. 58.

2-21 DESIGN SUGGESTIONS FOR
MAINTAINABILITY

The following design suggestions are recom-
mended for improved maintainability of vehicle
suspension systems. Obviously, all of the sugges-
tions given are not applicable to every type of ve-
hicle, nor is this list a complete checklist of ‘‘things
to do.”’ It is merely a compilation of some of the
suggestions made by vehicle designers, maintenance
engineers, and maintenance technicians as a guide
in future designs.

(a) Provide maximum accessibility to the fol-
lowing :

(1) All servicing operations, particularly
those required daily.

(2) Drain plugs and bleeder valves in hy-
draulic assemblies or systems.

(3) Lubrication fittings.

(4) Pneumatic tire valves

(5) Track tension adjusting devices.

(b) Provide for visual inspections without en-
tailing the disassembly of components.

(e¢) Provide for repair by the exchange of as-
semblies or components (the throwaway
concept).

(d) Use self-adjusting devices wherever prac-
tical.

(e) Make provisions for locking manually ad-
justed devices without disturbing the ad-
justment,

(f) Secure covers and access plates with the
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(g)

(k)

(D

minimum number of fasteners compatible
with the sealing requirements. Use quick
release type fasteners for cover and access
plates wherever suitable.

Use same size and type grease fittings
throughout an end item. Locate grease fit-
tings to facilitate servicing with standard
grease guns without special attachments.
Proteet lubrication points against acei-
dental damage.

Minimize number of lubrication points
needed.

Make provisions for the removal of all com-
ponents weighing 50 1b or more with the
use of slings and hoisting equipment. Pro-
vide suitable lifting eyes, or tapped holes
for lifting eyes, on all heavy components
whose general shape is not convenient for
the attachment of slings.

Identify complex hydraulic or pneumatic
systems by a system of color coding to as-
sist maintenance personnel in quick recog-
nition.

Provide means for checking pressures with-
out disconnecting lines or fittings.

(m) Design track guards, skirting plates, fend-

(m)

(o)

(p)

(q)

(r)

ers, mud flaps, ete. for quick removal in
the field with standard tools.

Design track assemblies for ease of installa-
tion, removal, and adjustment with stan-
dard tools.

Design wheels and tires so they can be
changed without special tools or equip-
ment.

Provide means for lifting the road wheel
and road-wheel arm, such as by extending
the spindle.

Make adequate provisions for removing
final drive assemblies of tracked vehicles by
hoisting from directly above the unit, Per-
manent, over-hanging fenders are not de-
girable.

Indicate wear pattern and degree of wear
permissible directly on the sprocket to
eliminate need for special gaging equip-
ment.

Indicate maximum permissible wear of
road wheel flanges due to center guides
directly on the flanges to eliminate need
for special tools.

Design track-tension adjusting deviees so
they can be turned with common toals.
Provide maximum acecessibility.

Provide for easy removal of wheel bearings
on both tracked and wheeled vehicles.
Provide for easy removal of shock ab-
sorbers.




AMCP 706-356

SECTION VI DESIGNING FOR PRODUCTION

2.22 DEFINITIONS AND GENERAL
DISCUSSION

The term ‘‘production’’ is basically defined as
the process of gathering and fabricating raw ma-
terials into finished articles that satisfy some hu-
man want. Inasmuch as human wants involve
people, the demand for the finished articles re-
solves into a matter of quantity manufacture ; hence
the term ‘‘production’’ connotes mass manufac-
ture, or the manufacture of large numbers of iden-
tical units. Military wants, too, are demands for
large quantities of finished articles; and so the
coneept of mass manufacture is also applicable
here.

‘‘Mass production’’ is a term often used with
reference to quantity manufacture, and it is gen-
erally interpreted as involving outputs of tens of
thousands, or even millions, of units. This need
uot always be the case, however, for the principles
of mass production can be applied to any quantity
of units. The underlying difference between mass
production and unit production is in the applica-
tion of the principles of interchangeable manufac-
ture rather than those of the ‘“‘custom’’ or hand-
fitted and selected assemblies. The physical di-
mensions and surface finishes of mating parts must
be so specified as to assure proper mating and ease
of assembly.

Due consideration must be given, however, to
the inherent variations present in each process
which set the economical dimensional tolerance
limits and surface finish obtainable with each.
The practice of specifying unnecessarily close tol-
erances and high grade finishes, without giving
serious consideration to the factors attendant to
maintaining them, invariably results in excessive
costs due to reduced output, extra operations, high
cost of tool upkeep, and a high rejection rate or
serap loss. Tu general, any tolerance closer than
plus or minus 0.005 inch should be closely seruti-
nized to determine whether such accuracy is ab-
solutely essential. Once the degree of accuracy
needed is established, it should be compared with
the accuracy normally obtainable with the pro-
cessing method being contemplated for the part
under study. If the contemplated process cannot

be relied upon for the accuracy or surface finish
required, the part should be redesigned for a more
suitable production process; or, where the increased
costs can be absorbed, a more sophisticated produc-
tion method can be utilized to obtain the desired
result.

The quantity to be produced, together with the
general design characteristics of the parts, in-
fluence the selection of the manufacturing methods
for the most economical production of the units
required. Regardless of quantity, however, the
problem facing the design engineer remains the
same: to produce the desired product in the re-
quired quantities, at minimum cost, and possessing
all of the required physical and functional at-
tributes. The minimum cost factor does not imply
‘‘cheap’’ components but, rather, components that
are adequate for the intended service and which
utilize in their manufacture those processes that
offer the desired results at the most economical
expenditure of time, materials, and labor.

The design engineer engaged in the design of
military equipment is faced with an additional con-
sideration which is more unique to his sphere of
activity than that of the designer of commodities
for the general civilian market. This is the re-
quirement that his design be compatible to efficient
and economical manufacturing techniques under
the limited production required in time of space
and, also, to the very high rate of production, con-
ducted with relatively unskilled workers, which is
required in time of war. When establishing ma-
terial specifications, too, the military equipment
designer must bear in mind that the supply of
many highly desirable materials becomes critically
short in time of war. The specification of these
critieal materials may become a serious production
obstacle at a time when production efficiency is
paramount.

The design process embraces two broad fields;
namely, functional design and production design.
Functional design is that design activity concerned
with the conception of ideas and their develop-
ment into a mechanism, or other end item, that will
perform a required function. In general, the pri-
mary aim of functional design is to accomplish the
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desired purpose, function satisfactorily, and meet
the necessary practical performance requirements.
Production design, on the other hand, usually fol-
lows funectional design and is comprised of the
study and redesign of the functional design with
the aim of simplifying manufacture. It is a process
of fitting the parts for the simplest, most rapid,
and most economical method of production.

Considerable time and money can be saved,
however, by merging functional and production de-
sign; or where a complete mergiug is not possible,
by giving careful consideration to the produci-
bility of the parts and avoiding manufacturing
problems through the application of good design
techniques. Good design must take into aceount the
broad limitations inherent in the various processing
methods that are available and must capitalize on
their strong characteristics. Some unusual special
parts may necessitate novel production methods to
attain economny of manufacture; but usually, these
will be in the minority. Most designs can be pro-
duced with the highly satisfactory methods that are
already available,

[t 15 highly imperative, therefore, for the up-
to-date designer to keep abreast of modern pro-
duction methods., However, the rapid rate of tech-
nical advancement in the basic processing tech-
nique, and the development of new techniques
during recent years, has made this task rather
difficult. Nevertheless, the point has often been
made that a mechanism or part that is impractical
to manufacture is just as much an indication of
poor design as one that fails to funetion properly.
A comprehensive discussion of the nature, funda-
mental characteristics, advantages, limitations, and
design considerations of the basic production
methods applicable to the manufacture of military
equipment, mechanisms, and components is far
beyond the scope of this book, even if it were to be
presented in a synopsized form. Numerous excel-
lent references are available on this subject, how-
ever, a few are listed at the end of this chapter
(Refs. 59 to 66).

Economical and thoroughly practical produc-
tion-designed parts, therefore, 1nust be based upon
a wide knowledge of the various basic manufac-
turing methods. Primarily, then, by concentrating
on basic operations available through the many
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readily tooled and adapted production methods
rather than solely on the product or part to be
made, maximuin economy, flexibility, accuracy, and
speed in manufacture can be realized. Without this
concentration on basic production methods during
the initial design phase, a long and arduous second
phase is necessary during which the parts must
be redesigned or otherwise changed to bring them
into the scope of economy through a roundabout
means from the shop, produection planning, or tool
design departineut; primarily because the designer
ignored, or was unaware of, the limnitations and
capabilities of methods available.

It is readily recognized that, under particular
circumstances, some designs will require the de-
velopnient of new processing methods. The develop-
ment of a new method of processing, however,
should be demanded only after a thorough analysis
has exhausted the possibilities of present methods.
The so-called standard or universal production ma-
chines and methods provide the most versatile and
readily adaptable means for the manufacture of
most parts. Tooling and equipment for these basic
processes are miost easily provided and can be
quickly brought into play. The designer should
therefore plan, wherever possible, to take advantage
of the economies afforded by these universally
available methods.

Recognition of the economic possibilities and
limitations of the various basic manufacturing
methods available, thus, becomes one of the most
important considerations for the designer. Reduced
manufacturing costs, simplified processing, de-
creased material waste, and design mprovement
must originate in the engineering department and
depend primarily upon the extent to which the
parts have been processed 80 as to lend themselves
to minimum cost manufacture.

2-23 GENERAL RULES FOR
PRODUCTION DESIGN

Sound design practice takes careful cognizance
of functional requiremnents, production require-
ments, and the characteristics of the available pro-
cessing methods to achieve maximum economy and
efficiency in manufacturc. This necessitates con-
sideration of a number of basic rules which are




outlined below. The order in which they are given
in no way indicates their relative importance.

2-23.1 DESIGN FOR SIMPLICITY

Design for maximum simplicity of all fune-
tional and physical characteristics is required, and
production cost has a direct relation to the com-
plexity of the design. This point is rather self-
evident, but it is often overlooked or neglected by
designers. Too much attention to the funectional
requirements, to the exclusion of adequate con-
sideration of production problems, is often the
reason for this. After the designer has developed a
concept that satisfies the functional requirements,
he should take additional time to see how his de-
sign can be simplified. Service life of components
is generally improved considerably where parts
can be siniple and sturdy. Furthermore, where‘the
design coufigurations of parts are simple and un-
complicated, the computation of stresses and the
load carrying capacities of the components are more
certain.

Euase of assembly and maiutenance requirements
should be evalunated in terms of design complexity.
Combining parts into one part obviously reduces
the number of parts that must be assembled on the
assembly line and is an acceptable procedure pro-
vided the resnlting part does not become complex
or costly to produce. The opposite possibility should
not be overlooked, 1.e., breaking down a complicated
part iuto two, or more, simple parts. The resulting
parts may be eheaper to produce and assemble,

2-23.2 DESIGN FOR MOST ECONOMICAL
PRODUCTION METHODS AVAILABLE

Once an end item is conceived, the various
methods by which each part can be manufactured
should be considered seriously. Such factors as
quantity to be produced, physical features, ac-
curacy required, material, production speed, equip-
ment available, and amount of scrap produced
should be carefully evaluated. The ratio of the
weight of material required per piece to the weight
of the finished part often is a clue to possible cost
reduction. For example, a part machined from
bar shock may require considerably more raw ma-
terial than the same part made from a forging or
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a die-casting, and a considerable reduction in ma-
chining time will be added to the savings. The de-
signer should be thorough in his consideration of
the various available production methods. Often,
the most satisfactory method from a cost and effi-
ciency viewpoint is not a very well-known or widely
used one; eg., electroforming, cheniical milling,
or die rolling, Therefore, uo possibility should be
overlooked. It is a worthy challenge to the in-
genuity of the designer to recognize the most eco-
nomiecal and efficient production method and to be
able to modify his design to take advantage of it.

2-23.3 OBSERVE LIMITATIQONS INHERENT
IN AVAILABLE PRODUCTION
METHODS

The inherent limitations in each manufacturing
process should be determined and compared to the
requirements of the design. If the requirements are
unnecessarily stringent, they should be relaxed;
or perhaps the design can be modified to make
certain features less critical and thus suitable for
a particular production process that is otherwise
desirable. Close dimensional tolerances and high
quality surface finish specifications are often
beyond the capabilities of certain production pro-
cesses, such as flame cutting, contour sawing, or
sand casting. Requirements for pressure-tight com-
pouents may make it unwise to use sand castings;
rejections may be costly—especially if machining
operations are necessary before the parts can be
adequately tested. Similarly, processes that result
in porous structure, coarse grain size, blow holes,
or slag inclusions—~such as are normally associated
with sand castings—should 1ot be specified where
high-quality surface finishes or plating is con-
templated. Grinding and buffing costs will run
high and will uncover defects in the material which
will eause the items to be rejected.

2-23.4 SELECT MATERIAL TO SUIT PRODUC-
TION METHOD AS WELL AS THE
DESIGN REQUIREMENTS

When specifying the material for a part, it is
important that the desiguer give carefnl eonsidera-
tion to the machinability, workability, or form-
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ability (whichever is applicable to the part) of the
material to be used. Designs that are most adapt-
able to manufacture on the serew machine or tur-
ret lathe-type of production equipment had best be
made of a free machining material; otherwise ma-
chining costs will rise and quality of finish will
drop. Oftentimes, a substantial savings can be
affected by specifying a more expensive, but better
machining, material inexpensive but
troublesome material. The designer should bear in
mind that the ratio of material cost to labor costs
on most parts requiring machining is usually quite
low. Thus, maximum emphasis should be given to
the reduction of labor time. For example, alloys
and aluminum alloy forgings cost somewhat more
than steel, but the time required for machining
aluminum alloy parts is approximately one-third
that required for steel parts of similar design.
Magnesium alloys provide an even greater ma-
chining advantage requiring only about one-sixth
of the machining time required of steel.

When the design requirements are such that a
material of poor machinability must be used, other
production methods should be considered where
wachinability is not a factor. Perhaps the ma-
terial has a high formability rating, or a suitable
material can be selected that has a high formability
rating, and the part can be produced by such pro-
cesses as cold heading, stamping, drawing, rolling,
or pressing from metal powders.

In situations where design requirements allow
very little or no leeway in the selection of ma-
terials, the design configuration should be care-
fully evaluated with regard to the limitations and
requirements of the applicable production methods.
For example, foundry processes require that the
design possess certain physical attributes such as
uniform sections, absence of sharp corners, simpli-
fied gating and location of risers, simple parting
and coring, etc. Forging processes require proper
consideration be given to draft, corner and fillet
radii, webs and ribs, and material considerations.
In situations where the necessary material is

over an

extremely hard to machine, production processes
must be selected that yield close dimensional tol-
erances and smooth surface finishes to minimize
machining operations as much as possible.

2.56

2-23.5 DESIGN FOR MINIMUM NUMBER
OF SEPARATE OPERATIONS

Tt is quite obvious that the fewer the operations
required to produce a part the lower will be the
production cost. Every feature that requires some
operation be performed should be carefully scru-
tinized to deterwine whether it is really necessary,
merely decorative, or entirely extrancous. This
may lead to a nodification of the feature so that it
can be produced in an already existing operation,
or it may be possible to eliminate it entirely. Sharp
corners (and radii, too,) often require extra opera-
tions to produce and often involve special tools.
[f not really necessary to the function of the de-
sigu, they needlessly increase production costs.

A very Important consideration in quantity
production is the number of times an item must be
repositioned during its production cycle. Reposi-
tioning or relocating in supplementary jigs or fix-
tures wastes time and may introduce errors or
Inaccuracies. Castings, forgings, and weldments
should be designed so that they can be machined
from as few directions as possible. Finished open-
ings, threaded or reamed holes, and other fea-
tures requiring machining should be placed in the
sawe plane as the major machining operations,
if possible, to allow completion of the part at one
set-up.

2-23.6 DESIGN FOR EASE OF HOLDING,
SET-UP, AND HANDLING

One consideration that is overlocked by the de-
signer is how the part will be held or located in a
fixture during the processing operations. It may
become necessary to add lugs, alter the contour,
or otherwise modify the design to make handling,
holding, and set-up an easier and less costly opera-
tion. Some degree of familiarity with the process-
ing functions involved and the various aspects of
fixturizing, holding, and feeding of parts is neces-
sary on the part of the designer to affect reduced
jig and fixture costs and thus reduce production
costs per part. Where a designer lacks such knowl-
edge, he should consult tool designers and indus-
trial engineers; in fact, such consultations are
advisable in any situation where exteusive pro-
duction ruus are involved.
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2.23.7 SPECIFY FINISH AND ACCURACY
COMMENSURATE WITH DESIGN
REQUIREMENTS AND WITH PRO-
DUCTION METHOD CONTEMPLATED

The principle of interchangeable manufacture
—uponl which low cost, mass produetion technigues
are based- depends on the reproduction of mat-
ing parts to predetermined dimensional tolerances.
Ilowever, produection costs increase exponentially
as dimensional tolerances are tightened, as illus-
trated graplically in Figure 2-28. The chart is
intended merely to show the general relationship
between production cost and various degrees of
accuracy, but the importance of judicious selection
and specifications of tolerances is readily apparent.
In actual practice, each process must be analyzed
individually with reference to the particular pro-
duction item. By designing an item to be par-
ticularly suited to a specific process, the desired de-
gree of acenracy is often obtained without an undue
cost penalty.

In general. fine surface finishes and eclose tol-
erances do not result with operations where metal
removal is extremely heavy, Once the functional
specifications and the necessary dimensional ac-
curacy for satisfactory performance are deter-
mined, it beeolnes relatively simple to decide upon
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the production methods that will be required to
produce the desired part. The required production
(uantities will usually narrow these further to but
one or two methods, depending upon the flexibility
of the design.

In order to be assured of the lowest production
costs and highest rate of production, neither dimen-
sional tolerances nor surface quality should be
specified to closer limits than funection, design, or
interchangeability dictate. The roughest accept-
able finish should be contemplated and specified.
1f at all possible, the design should be so arranged
that the inherent average finish quality char-
acteristic of the basic production method used
would be acceptable. Figure 2-29 shows the basic
metal removing and finishing processes with their
full range of surface finishes encountered in gen-
eral commercial practice. Also shown are the nar-
rower ranges of surface finish normally expected
in average production from well-kept machines and
tools without incurring undue costs. An explana-
tion and diseussion of surface roughness, waviness,
and lay can be found in MIL-STD-10A (Ref. 67)
and in Standard B46, 1-1947 of the American
Standards Association.

The lower portion of Figure 2-29 shows the
range of accuracy that can be normally expected
for each of the production methods., It is obvious
that there must be a relationship between surface
Toughness and dimensional aceuracy, but this fact
is often overlooked by the designer.

Another factor of surface finish that is often
overlooked by the designer is that each process
produces its own characteristic type, or types, of
surface pattern. The effect of these surface pat-
terns should be considered with respect to the fune-
tional requircments of the design. It is possible
to have a surface that is too perfect. Table ways
can be finished so smooth and flat to the point
where lubrication fails to enter between the sur-
faces. Similarly, hydraulic valves can be fitted so
closely by lapping that they will fail to function
under normal system pressure due to the absence
of a lubricant-retaining scratch pattern.

A characteristic range of surface roughness
figures for various applications is given in Table
2-9. These values can be used as a guide to what
constitutes a practical finish,
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TABLE 2.9

MAXIMUM SURFACE ROUGHNESS CHARACTERISTICS
OF COMMON MACHINE PARTS (Ref. 61)

AMCP 706-356

Part or Surface

Max. Roughness, 4 in., rms

Bearings, antifriction, seats for

Bearings, journal (general)

Bearings, journal (precision)

Bearings, pressure lubricated

Bushings, rod (automotive)

Cam lobes (automotive)

Clearance surfaces (machined)

Crankpins

Cylinder bores (automotive)

Cylinder bores (O-ring or leather packing)
Datum surfaces (tolerances under 0.001in.)
Datum surfaces (tolerances over 0.001 in.)
Fluid seals, surfaces of (sliding or rubbing)
Friction surfaces (brake drums, clutch plates, ete.)
Gaskets, surfaces for copper

Gaskets, surfaces for soft

Gear teeth (heavy loads)

Gear teeth (ordinary service over 10 D. P.)

Gear teeth (ordinary service under 10 D. P.)
Housing fits (no gasket or seal)

Mating surfaces (brackets, pads, faces, bases, etc.)
Pistons

Piston pins (automotive)

Piston rods (O-rings or leather packing)

Press fits, general (keys and keyways)

Push fits

Ratchets, teeth of

Rolling surfaces, general (cams and followers, etc.)
Rolling surfaces, precision heavy-duty

Rotating surfaces, general (pivot pins and holes, ete.)

Rotating surfaces, precision

Slide ways and gibs

Sliding surfaces of mating parts, general
Sliding surfaces of mating parts, precision
Threads, screw (chased)

Threads, screw (die cut or tapped)
Threads, screw (ground)

Threads, screw (milled)

Threads, screw (rolled)

Valve seats

Valve stems (automotive)

Worm gears, general

Worm gears, heavy loads

10
32
16
5
20
16
250
8
13
16
63
125
5
16
32

125
16
63
32

125

125
16

5
16
63
32
63
63

8
32

16
32
32
16
250
125
16
63
8

8
16
32
16
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PART TWO
LAND LOCOMOTION

CHAPTER 3
BASIC PHILOSOPHY OF LAND LOCOMOTION MECHANICS*

SECTION I DEFINITION OF THE PROBLEM

3-1 AN APPRAISAL OF OFF-ROAD
CAPABILITIES

The subject of land transport as it applied to
man’s movement over the face of the earth is as
old as the existence of man himself. He was en-
dowed by nature with a basic means of locomotion,
namely foot movement, which he later augmented
with animals to carry him and his eargoes, and
with carts and wagons to better support his bur-
dens. Water barriers were crossed by wading or
swimming and by poling or rowing various rafts
and boats. The use of animals permitted heavier
loads to be transported, conserved man’s energies,
and permitted increased speeds; although the in-
creased speed was possible for only limited periods
and required compensatory periods of rest. Thus,
the use of animals in land transport resulted in
certain improvements, but not without their price.
Animals require feeding, rest, and care; and these
requirements tend to offset the gain that the use of
animals bring.

It is easy to misjudge the efficiency or true
value of a transportation system if a broad view-
point is not maintained. A horse walking, for ex-
ample, can carry about three times the load that
a man can carry; and he can walk with the load at
about 1% times the man’s walking speed (Ref. 1).
If the man walks beside the horse, however, the
horse’s speed must be reduced to that of the man,
making the net gain only that of the comparatively
greater weight being carried by the horse, If the
man rides the horse to take advantage of the

* Written by Rudolph J. Zastera of the IIT Research
Institute, Chieago, I1l.

horse’s faster walking speed, the man’s weight be-
comes part of the horse’s load and reduces his
effective payload to about 1.4 times the man’s
normal load eapacity. When one considers that part
of this payload capacity must be allocated to the
horse’s requirements, the net payload advantage is
not very great.

Furthermore, the overall average speed of a
march column is influenced not only by the speed
of the marching elements but also by the total length
of the column; for the movement isn’t ecompleted
until all of the elements reach the finish line. Since
a mounted column is considerably longer than
when dismounted, it requires additional time to
close into its destination, thus, reducing its overall
average speed, Animal drawn vehicles in the
column increase the load carrying potential but at
a corresponding increase in column length. Fur-
thermore, the interaction of the wheels and terrain
during off-road operations creates a greater resis-
tance for the draft animals to overcome, resulting
in a further reduction in speed. Hence, the overall
average speed of the mounted column is not sig-
nificantly greater than that of the column on foot.

Similarly, the average overall speed of a mod-
ern mechanized ecolumn may not be significantly
increased over a nonmechanized column. The pres-
ence of the vehicles increases the column length ap-
preciably. In addition, a mechanized column has
an almost insatiable appetite for fuel, lubricants,
and repair items all of which must be carried along
with the ecolumn or somehow supplied to it by
supporting ageneies. It is, therefore, not surprising
that the marching rate of armies has not changed
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significantly over a period of two thousand years.

The legions of ancient Rome were primarily foot
troops with comparatively modest requirements,
and who, therefore, traveled unencumbered by long
supply trains. History tells us that these legions
advanced at an average rate of about 12 miles per
day. Napoleon's armies, almost 2,000 years later,
amply equipped with animals and animal drawn
vehicles for transporting men, equipment, and sup-
plies, advanced at about the same rate. American
forces during the Revolutionary and the Civil
Wars, also had essentially this same rate of move-
ment. The same applies to the rate of movement of
the Mormon wagon trains, a nonmilitary foree, mi-
grating westward across the American continent
early in the 19th century. General Patton’s forces,
much celebrated for their dramatic ‘‘dash’’ across
France during World War II, actually had an
overall average speed of 12 miles per day (Ref. 2).
Obviously, certain elements of Patton’s force could
forge ahead at a much faster rate, but this rate
could be sustained for only a limited distance de-
termined by the availability of fuel and other
needed services. Mormon outriders, too, could scout
several days march ahead of the main column and
return in a single day. The fact remains, how-
ever, that the overall average rate of movement is
governed by the rate of the slowest element and is
greatly influenced by the length of the column.
Even though Patton’s supply trains, too, were
mechanized, they themselves had enormous fuel
requirements and added to the length of the col-
umus.

This must not be interpreted, however, to indi-
cate that there has been no improvement since the
days of the Roman foot soldier. The modern mech-
anized army moves into action with a preponder-
ance of weapons, equipment, and supplies far
greater than the ancients ever dreamed of and does
s0 with a minimum expenditure of human physical
energies. Thus, overall speed of movement, though
important, is not the only gage of mobility nor of the
value of mobility. Furthermore, the fact that as-
sault echelons of modern mechanized or armored
units can swiftly penetrate 50, 75, or 100 miles into
the enemy positions to seize objectives is a definite
improvement over an assault by foot troops or
horse cavalry of a few hundred yards, even though

3-2

they must wait after the assault for supplies to
catch up to them,

There is one area, however, in which very little
real progress has been made. This is the area of
off-the-road, rough terrain, soft soil locomotion.
Despite the fact that modern military vehicles are
capable of top speeds in excess of 35 miles per hour,
in off-the-road situations involving rough terrain
or soft soils, their operating speeds drop to less
than 8 miles per hour, with 5 miles per hour being
a common average speed.

The chief factor responsible for this limited
speed on rough terrain is the physical endurance
of the operators and crews to the violent jostling to
which they are subjected by this type of operation.
Structural failure of vehicle components, particu-
larly of suspension system components, is a sec-
ondary factor; but this is usually an indication of
inadequate design. Physical tolerance limits of
human operators cannot be altered. Recent experi-
mental suspension coneepts which emphasize maxi-
mum attenuation of ground shocks have permitted
significant increases in vehicle speed over rough
cross-country terrain. Thus a marked improvement
in cross-country speed may not be far off.

In short soils, whether soft sand or silt, deep
powdery snow, slippery wet clay, or deep mud, the
reduced speed is due to a combination of factors.
There is a reduction in the maximum tractive ef-
fort that can be developed by the wheels or tracks
due to the low strength characteristics of the soil.
For similar reasons, an appreciable sinking of the
wheels or tracks takes place resulting in an in-
creased rolling resistance and an increased resis-
tance to steering control. And finally, if the sink-
age is so great that the vehicle body or hull con-
tacts (or sinks into) the ground, an additional
““bulldozing’’ resistance is introduced along with
a further reduction in tractive effort due to the
flotation effect of the hull or body. The satisfactory
solution of these problems requires an analytical
investigation of soil-vehicle relationships and the
matching of vehicle design to the environmental
conditions anticipated for the vehicle.

3-2 LOCOMOTION IN NATURE

Sinee scientific attempts at the development of
flying machines were preceded by studies of bird




flight, and the development of efficient undersea
vessels were preceded by studies of the swimming
of fish, it is appropriate to begin a discussion of
land locomotion with a brief consideration of the
locomotion of animals. It is especially appropriate
since the greatest difficulties in vehicular mobility
are encountered in cross-country operations, and
the locomotion of animals is exclusively of this type.

Animals in all parts of the world move about in
their particular environment with a remarkable
facility ; although there is considerable degrada-
tion of this facility, in some cases, when the animal
is taken out of its natural environment. Thus, the
slender legs and sharp hooves of deer and elk
endow these animals with an unbelievable agility
in brushy forests and on steep mountain slopes;
but they become completely immobilized in deep
snows where the snowshoe rabbit and the wolf, on
the other hand, have little trouble moving about.
Bighorn sheep and mountain goats are equipped
to scale precipitous rocky crags where even cats,
equipped to climb trees, dare not follow; yet a
more ridiculously helpless sight cannot be imag-
ined than a goat high in a tree.

Some interesting observations can be made from
considerations of animal mobility. For example:
practically all animals have a fairly high degree of
mobility over a wide range of environments; and,
in most cases, can exceed the performance of mod-
ern military vehicles under identical conditions.
Consider the elephant as a case in point. Though
a denizen of tropical forests, his movements are
not hampered significantly by either mud nor deep
snow; and eveu though he sinks 3 or 4 feet deep
in snow, he is still capable of plodding on at better
than 5 miles per hour. Or consider a horse a hoofed
animal primarily at home on firm ground. He
can negotiate an appreciable depth of snow, dune
sand, or mud although not in his best element, and
can climb appreciably steep slopes as well. The
performance of burros in mountains, deserts, and
jungles is almost legendary; while the cross-coun-
try speed of a hunting cheetah is unequalled by
any animal or machine.

It is interesting to note that in this natural
system of animal mobility, the existence of a wheel
or continuously rotating joint is nowhere to be
found. The locomotion of all organisms in nature,
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with the exeeption of protozoa, is produced through
a system of levers. By contrast, all man-made de-
vices for off-the-road locomotion are based almost
exclusively on wheels and wheel-like devices
(tracks). Man himself is perhaps the most versa-
tile of all land animals in his natural cross-country
mobility capabilities. IIe is not superior on the
basis of speed, endurance, or load capabilities, how-
ever, but makes use of his intelligence and in-
genuity to overcome these deficiencies. In pursuit
of these objectives, he may have taken an unsound
course by basing his locomotion eoncepts upon the
man created system of wheels rather than opon the
natural system of levers. It is a point to ponder.

By making certain assumptions regarding the
mechanies of traunslation, Bekker (Refs. 3 and 4)
was able to determine the order of magnitude of
the power requirements of various types of animal
locomotion. He expressed the power requirements
in terms of horsepower per ton of weight, thus
permitting a comparison of the efficiencies of the
varions iypes of locomotion—including mechanical
locomotion. Five basie types of natural locomotion
were considered, namely, leaping, as a kangaroo or
rabbit leaps; erawling, as a caterpillar crawls; slid-
ing, as a snake slides: running as a horse runs; and
walking, as a mau walks. The following are the
expressions of the power required for these types
of locomotion.

For leaping :
v

(P)ieap = 091 PYav— HP/ton (3-1)

where

v = veloeity of locomotion, fps
@ — angle that the trajectory makes with the
horizon at the start of the leap, deg
0.91 = conversion factor to change units to
HP /ton

For crawling:
(P) ororet = 3.63 f1)< LA )HP/ton (3-2)
d

where
f = unit resistance of body weight to the for-
ward motion of the stretching portions of
the animal’s body, 1b/ton
v = velocity of translation of the animal, ft/sec
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li-_—ratio of the animal’s (caterpillar} body
d

length I, to length of that portion of the
body I; which is progressively lifted,
stretched forward, and lowered

3.63 = conversion factor to change units to HP /ton

For sliding:

Here it was assumed that the animal (snake)
was sliding with a sinusoidal motion of his body
such that the tangent to the sinusoid at the inter-
section with the axis of motion formed a 20° angle
with that axis. The unit power required is:

(P)stiaing = 8.63 v tan p HP/ton (8-3)

where

v = veloeity of locomotion, ft/sec
uw = angle of friction between the snake’s belly
and the ground, deg
3.63 = conversion factor to change units to HP /ton
For runmng :
(P)rmmlng =091 vtan« HP/ton (3-4)

Here the symbols have the same significance as
in Equation 3-1.

For walking :

lw Puw 2
(P ) watking = 3.63 v ? [ 1— J 1—0.25 (—l-) ]

HP /ton (3-5)

where
v = velocity of locomotion, ft/sec
bw

—— =ratio of length of the leg l,, from the hip

w
joint to the length of one step Py
3.63 — conversion factor to change units to
HP/ton

Suitable values were substituted for the various
parameters in the foregoing equations and the
power requirements for the five means of natural
locomotion were compared to the power require-
ments of railroad cars, and of tracked and wheeled
vehicles on smooth, hard ground at the same speed.
‘Walking and running are the most efficient of the
natural means of locomotion. Tracked vehicles, it
was found, approached the efficiency of walking and
running while wheeled vehicles exceeded it under
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the assumed conditions. On soft ground, however,
the efficiency of wheeled vehicles deteriorates very
rapidly while that of tracked vehicles deteriorates
much less rapidly. Where the tracked vehicle re-
quired about one half again as much power
(150%), the wheeled vehicle required about five
times more (500%}). The natural modes of loco-
motion required comparatively negligible power in-
creases when changing from hard to soft ground
operations,

Another consideration was vehicular speed. In
addition to sinkage, the roughness of the ground
is a serious factor affecting the speed of mechanical
vehicles due to the violent pitching and shocks that
it causes. Experience and theory both demonstrate
that ground roughness can reduce the speed of
both tracked and wheeled vehicles to almost the
speed of walking, (The speed of wheeled vehicles
is more sensitive to ground roughness than is that
of tracked vehicles.) The speed of animal locomo-
tion, however, is practically unhampered by the
roughness of the terrain. A mountain goat can
leap and run as swiftly in rough mountainous ter-
rain as it can on smooth ground.

It may, therefore, be concluded that the animal
kingdom, operating exclusively in an off-the-road
environment, has developed its own methods of
locomotion which do not make use of the wheel be-
cause its value is determined by the smoothness
and hardness of the road—and roads are not pro-
duced by nature. The highest evolutionary stage of
animal locomotion is running and walking, and the
efficiency and versatility of these has not been
surpassed in off-road locomotion by any man-made
system of wheels or tracks. To be realistic, however,
there are many reasons why we must assume that
the wheel is here to stay as a universal means of
locomotion ; and it is, therefore, imperative to study
the entire problem more systematically in order
to improve its solution.

3-3 LOCOMOTION ON WHEELS

3-3.1 THE WHEEL IN ANCIENT TIMES

The true origin of the wheel is lost in antiquity ;
neither its inventors nor the circumstances leading
to its invention are known. Like the cooking of
food and agriculture, it was probably conceived




independently by many persons in different parts
of the world. The belief that the concept of a
wheel developed from observations of round stoncs
or tree trunks rolling downhill is not acecepted by
all authors. Primitive tribes exist today who, in
their native state, do not know the whecel. Our
American Indians were an example of this. Al-
though a fairly intelligent and advanced people
with ample opportunity to witness the rolling of
round stones and tree trunks, prior to the coming
of white men, they used travois to transport their
cargoes without incorporating a wheel. The cldest
records of wheeled carriages date to 3200 B.C.
They are pictures of vehicles built to transport
warlords and chiefs. And so, the wheel as applied
to the locomotion of military vehicles has a long
history, indeed.

3-3.2 EARLY OBSERVATIONS OF SOIL-
VEHICLE RELATIONSHIPS

The very first wheeled vehicles were probably
propelled by manpower; although there is no
record of this.

With the domestication of the horse and ox,
and the development of harness, came the first
animal drawn vehicle on which man could trans-
port many times the weight that the animal could
normally carry. This was perhaps the first major
revolution in land transportation; and, as far
as off-the-road transportation is concerned, was
the turning point which led to the wvehicles of
today and to our elaborate system of highways.

In those early days of man-propelled and animal-
propelled vehicles, the man and the animal were the
prime movers while the carts and wagons constituted
towed vehicles. Although the feet and legs of these
prime movers continued to exhibit the superior off-
road performance characteristics developed into
them through countless eons of evolution, the cart
wheels, which were only recently invented by man,
did not perform nearly as well. The softer the soil
became, the greater their sinkage and the higher
their rolling resistance. Rocks, logs, and ground
irregularities, which the feet could easily step over
or around, became obstacles in the paths of the
wheels. This, then, was man’s first exposure to
the incompatibility of the wheel to the off-road
environment. That man recognized the problem is
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evidenced by early developments of the wheel
and by the development of roads.

Early wheels were narrow and large in diam-
eter. This configuration is conducive to decreased
sinkage, less rolling resistance, better obstacle-
crossing capabilities, and, in self-propelled ve-
hicles, to the development of greater tractive effort.
These wheel developments are evidences of man’s
early awareness of the interrelationship between
the soil, the surface geometry, and the vehicle.

‘When man removed the first rock or fallen log
from the path of his first wheeled vehicle, he was
unwittingly recognizing the incompatibility of his
wheeled invention to the environment in which
it was to operate. By removing the obstacle (which,
incidentally, is not an obstacle to natural animal
locomotion) he was modifying the operating en-
vironment and admitting the inferiority of his
invention. Furthermore, by bridging mud holes
with brush, logs, or gravel to reduce the sinkage
and rolling resistance of his wheels he was further
modifying the operating environment. Thus began
man’s roadbuilding activities which reached a very
high state of advancement during the days of the
ancient Roman Empire.

‘When mechanical power was added to the
wheeled vehicle, another phase began in the evolu-
tion of wvehicles away from the natural environ-
ment. Heretofore propulsion was through the trac-
tive effort developed by the animal prime movers,
and the wheels were required to provide a moving
support for the load. Now, with the animal prime
movers gone, the wheels were also required to
provide traction. It became quickly apparent that
in this respect, too, the wheels were inferior to
the animal’s hoof or the pedestrian’s foot, par-
ticularly in soft soils. Add to this the requirement
for greater tractive effort to overcome the rolling
resistance of the wheels due to sinkage, and the
wheel is sorely inferior.

On hard ground, the tractive capacity of wheels
is greatly improved and the rolling resistance is
minimized. Furthermore, the increased speed, po-
tentially available through the addition of me-
chanical power to the wvehicle, cannot be fully
realized on rough ground due to the harshness of
the ride. Here, too, the improved environment of
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the paved road permits acceptable performance
from the wheels.

It is, therefore, 1ot surprising that man should
engage in extensive road building activities to
create suitable operating environments for his ve-
hicles, and to pursue vehicle developments based
upon this operating environment. The proficiency
of the modern highway engineers in developing
safe, smooth roads offering good traction and gentle
slopes has had a great influence upon the develop-
ment of wheeled vehicles. Unfortunately, the re-
quirements of military vehicles are for maximum
off-road capabilities in a wide range of geographical
terrain and under all climatic conditions. Thus,
the designers of modern automotive vehieles for
civilian use and the designers of modern auto-
motive vehicles for military use have diverging in-
terests. As civilian automotive vehicles become
more and more dependent upon good roads, their
suitability for military operations decreases.

It is necessary, therefore, for a thorough scien-
tific study to be made of soil-vehicle relationships
to bring about a clear understanding of the me-
chanics of the resistances encountered and of ra-
tional means of overcoming them. Here lies the
only hope for a practical and economical solution
to the age-old problem of ecross-country locomo-
tion. A great deal has been done in this respeet in
the field of aerodynamics and hydrodynamics but
relatively little in terramechanics. Perhaps this is
largely due to the fact that the operating environ-
ments of the first two disciplines do not lend them-
selves to limited modification as does the last dis-
cipline. The workers in the first two fields could
not avoid the problems that their environments
introduced. They were foreced to understand their
working environment and make their designs com-
patible to it. With this approach they found suec-
cess.

SECTION II VEHICLE MORPHOLOGY

Observations of evolutionary changes in the
animal world show that evolutionary processes tend
to eliminate the undesirable and to improve the
desirable attributes of each species according to
the requirements of the environments in which each
live. The physical forms of the species that are
capable of locomotion tend to evolve into a form
that offers the least resistance to motion. This is
also true in the world of technology as is illustrated
by a comparison of the forms of ancient wooden
carts with those of streamlined racing cars, air-
craft, and submarines. Any attempts at rationally
adapting self-propelled land vehicles to their medi-
um of operation should be preceded by a survey
of present vehicle concepts to point out the evolu-
tionary trends and the direction future develop-
ments should take. Bekker accomplished such a
study (Ref. 5) and developed three morphological
indexes; namely, the form index, the specific
weight index, and the size and form index. These
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are summarized in the paragraphs which follow.

3-4 FORM INDEX

The general forms of vehicles were described
by Bekker in terms of three ratios; namely, the
height aspect, the width aspect, and the frontal
aspect. The height aspect is the ratio of the vehicle
height to its length h/l; the width aspect is the
ratio of the width to the length w/l; and the frontal
aspect is the ratio of the frontal area to the vehicle
length wh/l. The length I is that dimension which
is oriented along the direction of motion.

A survey of a large number of sea, air, and
land vehicles which compared their height and
width aspects, i/l vs w/l, showed that the majority
of vehicles tend toward a one-to-one relationship
between height and width, Military tanks and
tracked tractors displayed a tendency toward wider
shapes, while trucks and passenger cars displayed




the opposite tendencies. In total, however, the
study indicated a prevailing trend of the form of
land vehicles toward a short, wide prism, sometimes
slightly elongated in the direction of motion. This
trend is opposite to that displayed by sea and air
vehicles which favor a typically streamlined shape
with low h/l and w/l ratios.

The need for streamlining is usually associated
with speed, and the need for the streamlining of
slow-moving land vehicles seems unnecessary. Sub-
sequent chapters of this handbook, however, show
that long, narrow shapes are more rational in land
locomotion than are short, wide ones. This supports
the long, narrow form of the ski as highly efficient.
The general laws governing the morphological evo-
lution of moving bodies remain the same whether
they apply to fish, submarines, aircraft, or land
vehicles. The lack of compliance with this law
should be of concern to those interested in im-
proving the mobility of land vehiecles.

The softness of the ground is not the only con-
sideration in cross-country mobility. Other fac-
tors, such as the surface contour of the ground, the
presence of large trees or boulders, narrow passes
and mountain trails, are often sufficient obstacles
to seriously slow down or stop all locomotion. In
these situations, the frontal aspect, wh/l, plays a
significant role. It is obvious that the types of
obstacles just mentioned can be tolerated more
readily by vehicles of smaller frontal aspect than
by those exhihiting large height or width aspects,
h/l and w/l. Thus, it seems that streamlining as
expressed by low values of the form indexes, h/l,
w/l, and wh/l, is as essential to effective cross-
country-type land vehicles as it is to high speed
vehicles moving against aerodynamic or hydro-
dynamic resistances.

Agricultural tractors are the greatest violators
of these form principles. Since they perform their
function of plowing and harvesting on open plains
at slow speeds, these form indexes have minor im-
portanee, and agricultural tractors are tradition-
ally short, stubby vehicles. When performing their
functions in special operations such as in jungles,
forests, mountains, or narrow passes, their stubby
forms are not practical. This is especially true with
regard to heavy tractors since they are the most
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likely candidates for these types of operations;
yet their height, width, and frontal aspects are the
highest.

3-5 SPECIFIC WEIGHT

The specific weight of a vehicle is the ratio of
its total weight to its total volume, and is expressed
as pounds per cubic foot. It is of interest when
buoyancy characteristics are under consideration,
as in the design of amphibious vehicles, and when
considering the shipping requirements of land
vehicles, Since the function of vehicles is to
transport some form of cargo, the gross vehicle
weights should be used in caleculating specific
weights, particularly in cases dealing with am-
phibian wheel design.

‘When determining the specific weight of a
vehicle with regard to shipping requirements, the
volume that is considered is the volume of a so-
called ‘‘shipping prism.”’ This is a representative
rectangular prism having length, height, and
width equal to the corresponding maximum dimen-
sions of the vehicle. The maximum density ve-
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